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HISTORICAL INTRODUCTION 

The Object and chief End of Chymistry,’ wrote Pierre Joseph 
Macquek (1718-84), ‘ is to separate the different substances that 
enter into the composition of bodies; to examine each of them 
apart; to discover their properties and relations; to decompose 
those very substances, if possible; to compare them together, and 
combine them with others; to reunite them again into one body so 
as to reproduce the original compound with all its properties; or 
even to produce new compounds that never existed among the works 
of Nature.’ Though these words were written nearly two centuries 
ago, it would be difficult to frame a more lucid or more accurate 
definition of that most fascinating of all sciences, which has cap- 
tivated untold numbers of the finest human intelligences and upon 
which civilization itself ultimately rests. 

The story of the origin and development of chemistry is not a 
subject of mere antiquarian interest. An adequate knowledge of 
it is an indispensable part of the equipment of any chemist who 
aspires to make noteworthy advance in chemical discovery or 
even to master the science as it is to-day. It is a significant fact 
that, almost without exception, the prominent landmarks on the 
chemical high road were set up by men deeply versed in the 
discoveries and ideas of their predecessors. Boyle, Dalton, 
Priestley, Lavoisier, Berzelius, Liebig, Kekulii, van’t Hoff, 
Arrhenius, and Ramsay — to name only a few of the great geniuses 
of chemistry — ^were all serious students of chemical history; and 
it would be hard to over-estimate the part that this study played 
in fecundating and maturing their scientific work, whether 
speculative or practical. 

The reason is not far to seek. Chemistry, like other experimental 
sciences, is of a twofold nature. Before the woof of facts can form 
a coherent fabric, it must be woven across the warp of theory; 
both are necessary and each is dependent on the other. There 
have been periods in the history of chemistry when theory and 
practice were widely divorced, and in such periods practice has 
degenerated into an empirical craft while theory has become a 
barren philosophy. At the present time, new chemical facts appear 
in myriads every year. Any man or woman of reasonably good 
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intelligence can be trained in a few years to carry out original 
research; the journals of learned societies distend ominously, and 
the archives suffocate with the press of unpublished, though doubt- 
less meritorious, communications. Facts in themselves — ^however 
numerous, however well authenticated, however well kno^ — 
may have little or no importance. The increase in weight \that 
metals undergo on calcination was known for many hundreos of 
years before Lavoisier made it a lever with which to overthrow 
the whole theoretical structure of eighteenth-century chemistry. 
Cavendish's observation that a minute fraction of atmosph^c 
nitrogen could not be made to combine with oxygen under the 
influence of the electric spark remained an isolated and therefore 
unimportant fact for over a century. Facts become important 
when integrated into some comprehensive scheme, when informed 
by some far-reaching theory, when set harmoniously in the structure 
of some broad concept ; since thus the way is prepared for a gpreat 
stride in advance — a stride that could never have been achieved 
by the mere chaotic collection of facts qua facts. 

' The ability to perceive a fundamental connection between facts 
that are apparently unrelated is, in its highly-developed form, a 
mark of genius. To some extent, however, it is common to all 
of us, and it is an ability that may be trained and cultivated. 
Entirely original ideas arise much less frequently than is some- 
times supposed, in science as in other departments of human 
intellectual activity. Though they are now applied to very 
different matters, many of the ideas at present current in chemistry 
may be closely paralleled in the Neoplatonist natural philosophy 
of fifteen or sixteen centuries ago, while the views of certain modem 
physicists on the ultimate nature of the universe could have been 
accepted by Plato himself without serious violence to his 
philosophical scheme. 

The principal value of a study of the history of chemistry lies 
in the familiarity it gives us with the speculative reflections of 
great chemists of the past. Such men as Boyle were the intellectual 
peers of our most celebrated contemporary chemists, and though 
the facts with which they were acquainted were immeasurably 
fewer than those that fill the pages of Mellor and Beilstein, 
their insight into the natural world has been a perennial source of 
inspiration to later workers. In the long course of man's effort 
to interpret, and in some measure to control, the phenomena of 
Nature, ideas have invariably proved a more potent weapon than 
technical skill. The chemist, therefore, while perfecting the 
technique that provides the raw material of his science, will not 
neglect the invaluable treasury of ideas amassed by his chemical 
foroears 
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There is a further reason why an acquaintance with the main 
course of the history of chemistry is not merely a desirable, but 
an essential, attribute of the properly-equipped chemist. It is 
simply this: that a critical appraisal of the present is impossible 
without a just appreciation of the past. However laudable un- 
questioning submission to authority may be in the disciple of 
a revealed religion or in the citizen of a state, it is a serious blemish 
in the man of science. Dalton's anathema on Gay-Lussac and 
Avogadro delayed the progress of chemistry by nearly half a 
century. * Thou canst not split an atom ' became a dogma, 
and dogma cannot be tolerated in science. Science can avoid 
sterility only if it is recognized that scientific theory is always 
provisional but never final. The surest way for a chemist to arrive 
at an understanding of the theories he wields to-day is to trace 
their development step by step, and to profit by the spectacle of 
discarded theories whose bones lie bleaching by the roadside. 

The following sketch of the history of chemistry is designed to 
throw into relief the principal episodes of that history, in order 
that the remaining parts of the book may be seen in their true 
perspective. If it fulfils its purpose, it will reveal present-day 
chemistry as the latest phase of a dynamic process, whose origin 
was coeval with the birth of civilization and whose end no man 
can foresee. 

The Main Periods of Chemical History. 

While sharp delimitation is both impossible and undesirable, it 
is convenient to regard the development of chemistry as charac- 
terized by five main periods, viz. : 

1. The Empirical Age. 

2. The Period of Alchemy. 

3. The Period of lairochemistry. 

4. The Period of Pneumatic Chemistry.: 

5. The Modern Age, from Lavoisier and Dalton to the present day. 

Each period, however, passes imj^rceptibly into that which succeeds 
it, and it is no more possible to give a definite date for the transition 
than it is to say exactly when a child ceases to be a child and becomes 
a youth. 


The Empirical Age 

The Origine 0! Chemistry.— There can be no doubt that the 
origins of chemistry are to be found in the technical arts and crafts 
of primitive civilizations. The extraction of metals from their 
ores, the manufacture of glass and soap, the arts of painting and 
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dyeing, the preparation of perfumes, unguents, and cosmetics, the 
practice of mummification, and similar accomplishments of early 
civilized man, all imply an extensive acquaintance with the kind 
of facts on which chemistry is based. We may therefore reasofaably 
call the sum of such knowledge the ' chemistry ' of those rimote 
ages, and it cannot be denied that the genius who first delibemtely 
extracted copper from malachite is fully entitled to inclusion in 
the chemical Valhalla. \ 

The question of the origin of civilization is, and is likely to 
remain, a subject for somewhat acrimonious discussion and con- 
siderable further investigation. Fortunately there is no need for 
us to enter the lists, since there could be no earlier stage of 
chemistry than the empirical, and this continued to exist well 
into the period of written historical record. The civilizations of 
the ancient world — Egypt, Sumer and Akkad, Assyria, Babylonia, 
India, and China — all possessed accomplished craftsmen and 
artisans, and all doubtless made notable contributions to the 
stock of empirical chemical knowledge. 

Egypt. — We cannot, however, dismiss the matter in quite so 
summary a fashion, since modern European chemistry has definite 
affiliation to one of these civilizations, namely that of ancient 
Egypt. How much it owes to the others is still conjectural; but 
the path from Heliopolis to Heidelberg, from Memphis to Man- 
chester, lies like an unbroken thread across the chart of chemical 
history. Though our estimates may possibly have to be revised, 
it seems that the Egyptians were a hard-headed, practical race, 
more hke the Romans than the Greeks, preferring action to reflec- 
tion, and caring little for those philosophical speculations so dear 
to classical Athens. They therefore made no contributions, that 
we can discover, towards any system of chemical theory. On 
the other hand, they raised such chemical industries as metallurgy 
and glass-making to a degree of efficiency without parallel in later 
times until the dawn of the modem period; and their skill in 
metallurgy in particular was the condition and the occasion of the 
effective birth of chemistry some centuries later. 

fhe comparatively useless but extremely attractive 
metal gold had already acquired that factitious value which it has 
retained ever since. The reasons for this vagary need not concern 
us — they were very largely of a superstitious nature — but it is 
hardly an exaggeration to say that chemistry as a science owes its 
existence to the esteem in which gold was held in the ancient 
world. As accomplished metallurgists, the workers in the labora- 
tories attached to the Egyptian temples produced innumerable 
alloys, some of which closely resembled gold in appearance. Though 
the’ craftsmen were probably far too shrewd to deceive themselves. 
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it would have been only in accordance with human nature if they 
sometimes imposed upon others less well informed, passing off as 
genuine gold what was only a spurious alloy. Whatever the facts 
of the case, a legend arose to the effect that base metals could be 
transmuted into gold — and with the diffusion of that legend 
chemistry ceased to be a mere empirical craft, changing its honest 
fustian for the glittering robes of a chimerical art. Chemistry, 
the art of Egypt, or Khem (‘ the Black Land '), became indeed 
a dark and dubious pursuit. 


The Period of Alchemy 

Philosophical Speculation. — Before we can understand the 
developments that led to the supposed art of gold-making, we must 
turn for a time to the philosophical speculations of the Greeks. 
The classical atomic theory will be considered at a later stage 
(p. 38); our immediate concern is the theory of Aristotle (384- 
322 B.c.) on the constitution of matter. Aristotle supposed that 
the basis of the material world was a primitive matter of prima 
materia, which had, however, only a potential existence until 
impressed with Form. Form is that which gives to every body 
its individuality. In its simplest manifestation it gives rise to the 
‘ Four Elements,' Fire, Air, Water, and Earth, which are dis- 
tinguished from one another by their qualities. The four primary 
qualities are the fluid, the dry, the hot, and the cold, and each 
element possesses two of them. Hot and cold, however, and 
fluid and dry, are contraries and cannot be coupled; hence the four 
possible combinations of them in pairs are : 

Hot and dry, assigned to Fire. 

Hot and fluid, assigned to Air. 

Cold and fluid, assigned to Water. 

Cold and dry, assigned to Earth. 

In each element one quality predominates over the other: in 
Earth, dryness; in Water, cold; in Air, fluidity; and in Fire, heat. 
None of the four elements is unchangeable; they may pass into 
one another through the medium of that quality which they possess 
in common. Thus fire may pass into air through the medium of 
heat, air into water through the medium of fluidity, and so on. 
All other substances are composed of all the elements, and the 
proportion in which the various elements occur in different sub- 
stances is infinitely variable ; hence the existence of such an enormous 
number of distinct compounds. But since each element can, as 
we have seen, be transformed into any other, it follows that any 
compound can likewise be transformed into any other by some 



8 THEORETICAL AND INORGANIC CHEMISTRY 

device or treatment that will alter the relative proportions between 
the elements of which it is composed. Here we have the germ of 
aU theories of metallic transmutation. If lead and gold both 
consist merely of fire, air, water, and earth, all of which are /^inter- 
convertible, why may the former metal not be transmuted into 
the latter? Such was the question with which generation\ after 
generation of chemists confounded the sceptics and justified \their 
ceaseless search for the unattainable. \ 

It is a curious fact that similar views on the constitution of 
matter arose — presumably independently — in China. Eveii as 
early as the twelfth century b.c. the Chinese postulated five material 
principles of natural objects. These five [Wu-hsing — ‘ the quin- 
tet *) were water, fire, wood, gold, and earth. ' Water is that 
which soaks and descends; fire is that which blazes and ascends; 
wood that which is straight and crooked; gold that which obeys 
and changes; and earth that which is of use for seed-sowing and 
harvest. That which soaks and descends becomes salt; that which 
blazes and ascends becomes bitter; that which is crooked and 
straight becomes sour; that which obeys and changes becomes 
acrid; and from seed-sowing and harvest comes sweetness.' ^ 
Later on, perhaps about the fifth or fourth century b.c., the 
scientific notion of Yin and Yang, or the two contrary principles, 
appears to have become established in China. According to this 
philosophy, the entire universe was identical in substance and was 
animated and dominated by a cosmic soul, manifesting itself in 
the dual forces of Yin and Yang. Yin originally referred to the 
obscuration of the sun by clouds, while Yang signified the bright 
aspect of banners fluttering at sunrise. Soon, however, Yin was 
regarded as the female element, typifying the more material and 
undesirable phenomena of Nature, while Yang became the male 
element, representative of the more spiritual and desirable qualities. 
All minerals and metals — like every other substance — were sup- 
posed to be substantially the same, but differed in properties in 
proportion to their relative infusion with Yin and Yang. Base 
metals might therefore be transmuted into precious metals by the 
dual method of eliminating the more material Yin qualities in their 
composition, and by augmenting or refining the more spiritual 
Yang qualities. 

In India, speculations of a comparable nature may be found in 
the ancient writings, and to the best of our knowledge they were 
indigenous. The philosophy of the time appears to have tended 
invariably towards an interpretation of the structure of the world 
in terms of qualities rather than of distinct and discrete material 

31' 22^^^ Ch’iang Wu, 'Chinese Alchemy,’ Scientific Monthly (1930). 
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substances. Could one have questioned a chemist of the fourth 
century b.c. as to his fundamental convictions of the nature of 
gold, he would probably have replied that, below or behind the 
qualities that appeal to the senses, there is an amorphous, plastic, 
colourless, inchoate ' metallic ' material, upon which, in the case 
of gold, have been imposed the qualities of yellowness, heaviness, 
non-corrodibility, and so on. These qualities he would have 
regarded as independent of one another, so that the yellowness, 
for instance, might be removed without affecting the others. A 
different metal, such as copper, would have the same underlying 
material, but a different set of infused qualities; and so for iron, 
silver, and the remaining metals. 

If we return to Aristotle, we shall find that, as a minor develop- 
ment of his theory of the Four Elements, he put forward a hypo- 
thesis that exerted upon the future development of chemistry an 
influence out of all due proportion to its real value. In his 
Meteorologica he suggested that the immediate constituents of 
minerals and metals are two ‘ exhalations,' one an * earthy 
smoke ' and the other a ' watery vapour ' ; the former consists of 
small particles of earth on the way to becoming fire, while the 
latter consists of small particles on the way to becoming air. Neither 
exhalation is ever entirely free from some admixture of the other. 
Stones and other minerals are formed when the two exhalations 
become imprisoned in the earth, the dry or smoky exhalation pre- 
dominating. Metals are formed under similar circumstances if the 
watery exhalation predominates. In other words, metals and 
minerals, in common with every substance under the sun, are 
composed of each of the four elements, but in metals the pre- 
dominating elements are water and air (chiefly water), while in 
minerals they are earth and fire (chiefly earth). It is a signal 
mark of the paucity of human ideas that this naive hypothesis 
should have been accepted, in more or less modified forms, until 
the close of the eighteenth century. 

Alexandrian Chemistry. — The foregoing examples suffice to in- 
dicate the kind of philosophical views held by educated men shortly 
before the opening of the Christian Era. It will be observed that 
they had extremely little relation to observed facts, and that the 
importance of experiment as a factor in the investigation of Nature 
was almost entirely unperceived. To the cultured Greeks, manual 
work of any kind was undignified, if not actually degrading, so 
that although the scientific habit of mind was by no means lack- 
ing, the only sciences in which the Greeks made noteworthy 
progress were astronomy and mathematics, both at that time 
non-experimental. 

In 332 B.c. Alexander the Great founded the city of Alexandria 
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which rapidly grew to be the largest and most important town of 
the ancient world. The Greek colony included some of the most 
celebrated scholars of the time, notably Euclid, Archimedes, 
Hipparchus, Eratosthenes and Apollonius of Perga, and a 
museum or university was built to accommodate the throng of 
students and professors attracted thither from various parts of 
Greece. Soon, however, a fin de siecle atmosphere began to enVelop 
the intellectual life of the city, and the odd mystical philosophies 
that frequently characterize such a period sprang up on every ^and 
like rank and noxious weeds. Superstition of the grossest ^ort, 
magic, necromancy (not to mention hydromancy, p 3 n:ompcy, 
geomancy, oneiromancy and omphalomancy), sapped the intel- 
ligence and clouded the vision of the majority of contemporary 
thinkers. It is true that two of the philosophical schemes, namely 
Gnosticism and Neoplatonism, contained much to be admired; but 
all were alike in forming an extremely unhealthy environment for 
a rational science. 

It was, however, in this very environment that theoretical 
chemistry originated; and it bore the mark of its origin for many 
a long day. The Greek settlers, themselves ignorant of metallurgy, 
could onfy look on with awe at the achievements of the Egyptian 
craftsmen, and we may readily suppose that they formed a credulous 
audience for the narrators of the transmutation legend. A yellow^ 
alloy that looked like gold would be sufficient to deceive a man 
unversed in the goldsmith's art ; we may remember that as recently 
as the reign of Queen Elizabeth an expedition brought back ship- 
loads of iron pyrites from Greenland in the belief that the yellow 
particles were small nuggets of gold. In the absence of any system 
of qualitative analysis, deceit was less likely to be discovered, and 
the ancient equivalent of the gold-brick swindle must have been 
successfully accomplished on countless occasions. 

Very typical of the prevailing intellectual background is the fact 
that the reality of transmutation appears to have been almost 
universally accepted, with few or no attempts to arrive at a definite 
conclusion by crucial experiment. What actually happened was 
very different. Uncritically believing that the base metals might, 
in all verity, be changed by chemical art into the purest gold, the 
philosophizers of the time at once began to spin amazingly elaborate 
webs of theoretical speculation to explain the transmutation. 
Most of their fanciful hypotheses have been lost ; those that remain 
are for the most part imintelligible, or, if intelligible, then puerile. 
Yet although they may in themselves be of little value, the fact 
that men were at last beginning to reflect about phenomena of a 
definitely chemical character is an indication that the empirical 
age of chemistry was on the wane, and that theory and practice 
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were betrothed if not yet married. The desire for wealth stimulated 
the chemist to ingenious labour, and from the few intelligible 
treatises of the early centuries of the Christian Era we gather that 
a wide knowledge of chemicals and chemical reactions had been 
acquired. ZosiMUS the Panopolitan, for example, who could be 
as incomprehensible as any of his contemporaries of the third 
century a.d., has some lucid passages in which he mentions the 
preparation of mercury from cinnabar, of arsenic from arsenic 
sulphide, and of litharge from lead via white lead, together with 
several other operations of a similar kind. However meanly we 
may think of their chemical theory, we must admit that among 
the Alexandrian chemists were many who excelled at the practice 
of the laboratory. 

The Moslem Chemists. — So matters rested until Islam burst upon 
a startled world in the seventh century a.d. The Moslem Era 
dates from the year a.d. 622, when the Prophet Mohammed, 
despised and rejected of his fellow-townsmen of Mecca, fled to 
Medina, there successfully to pursue his task of welding the hetero- 
geneous tribes of Arabia into a powerful and united nation. Within 
one hundred and fifty years from the date of the Flight, Islam had 
subdued by far the greater part of the ancient world, and her 
armies were but a few days' march from Paris and the shores of 
the English Channel. Repulsed by Charles the Hammer at 
Poitiers, the Moslems retired beyond the Pyrenees, but from Spain 
they were not dislodged until the close of the fifteenth century. 

For some five or six centuries, Islam was the repository of wisdom 
and the acme of civilization. To the cultured and courtly gentle- 
man Saladin, Richard Cceur de Lion must have appeared an 
uncouth though courageous barbarian, imbued with manly virtue 
but sadly lacking in refinement. In the realm of learning the 
circumstances were similar; Christian students flocked to Moslem 
universities, and Greek knowledge reached the West mainly by 
way of Latin translations of Arabic versions of the Greek originals. 
The love of learning, so intense in medieval Islam, extended to 
the doubtful science of Khem, which the Arabs, adding their 
definite article al, called alkimia, whence ‘ alchemy ' and finally 
the modern chemistry, chimie, and Chemie, 

From the time when they first appeared on the pages of history, 
until the present day, the Arabs have been characterized by their 
sceptical spirit. Moslems of other races — Persians, Berbers, and 
Copts, for example — ^have not always shared this spirit, but in the 
early days of Islam the Bedouin freedom from intellectual restraint 
niade its influence felt far and wide. As a result, chemistry was 
in part released from the enshrouding bonds of Alexandrian syncretic 
mysticism, and4hough alchemy, i.e. gold-making by transmutation, 
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was still the principal object of chemical research, subsidiary 
issues were much more thoroughly investigated, and an independent 
science of rational chemistry grew up side by side with its fantastic 
and overshadowing companion. j 

Among the chemists of Islam, the outstanding figures Iwere 
those of Jabir ibn Hayyan and Razi, known to Europe as Ghber 
and Rhazes respectively. In spite of much research, little i^yet 
known of the personality of Jabir, but he lived in the eighth or 
ninth century and a large number of treatises on a variety of sub- 
jects pass under his name. These books have hitherto escaped a 
full investigation, but in general they are marked by a just realiza- 
tion of the importance of experiment and by the description of large 
numbers of chemical facts that appear in them for the first time. It 
is, however, only to his theory of the constitution of metals that we 
need refer here; for that theory— a direct descendant of the Aristo- 
telian theory of the two exhalations— gave rise in the course of time 
to the phlogiston theory of combustion. 

Jabir accepted the exhalation theory in its main principles, but 
seems to have regarded it as too indefinite to explain observed 
facts or to afford a guide to practical methods of transmutation. 
He therefore modified it in such a fashion as to make it less vague, 
and the suggestion he advanced survived, with some alterations 
and additions, until it was absorbed in the attractive but illusory 
theory of Becher and Stahl. The two exhalations, Jabir believed, 
when imprisoned in the bowels of the earth, were not immediately 
changed into minerals or metals, but underwent an intermediate 


conversion. The dry or smoky exhalation was converted into 
sulphur and the watery exhalation into mercury, and it was only 
by the subsequent combination of sulphur and mercury that metals 
were fonned. The reason of the existence of different varieties of 
metals is that the sulphur and mercury are not always pure, and 
that they do not always combine in the same proportions. If 
they are perfectly pure, and if, also, they combine in the most 
complete natural equilibrium, then the product is the most perfect 
of nietals, namely gold. Defects in purity or proportion or both 
result in the formation of silver, lead, tin, iron, or copper, but 
since ^®se metals are essentially composed of the same constituents 
as gold, the accidents of combination may be removed by suitable 
tr^tment. Such treatment is the object of alchemy. 

To the modern chemist it will at once occur that the above theory 
might e^ily have been tested by experimental attempts to obtain 
metals by the combination of sulphur and mercury. He may be 
quite sure that such an obvious deduction was not overlooked by 
Jabir, for m one of his books he describes such an experiment and 
states that the product was merely cinnabar (HgS). From observa- 
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lions such as this, Jabir was forced to the conclusion that the 
sulphur and mercury of which he supposed metals to be composed 
are not the well-known substances that go by these names, but 
hypothetical substances to which ordinary sulphur and mercury 
form the closest available approximations. To put it another way, 
he was led to postulate an abstract or ' ideal ' sulphur and mercury, 
a type of theoretical device quite legitimate in itself but demanding 
a cautious attitude on the part of the user. Such abstractions 
are common enough even in modern chemistry, but the dangers 
attaching to them are more adequately realized. Thus, though 
Jabir's hypothetical sulphur is exactly on a par with our ‘ ideal 
gas * or ‘ perfect semi-permeable membrane,' every chemist appre- 
ciates the fact that it would be a waste of time to indulge in the 
search for either, and knows that they are merely useful con- 
trivances to simplify argument. How far Jabir's abstractions 
were from sharing this innocuous character the subsequent history 
of alchemy manifests only too plainly; yet the sulphur-mercury 
theory of metals represented a distinct advance upon any that had 
preceded it, and satisfied the intellectual curiosity of many brilliant 
scientists for a very lengthy period. 

Razi (866-925) was a man of rather less than Jabir's intellectual 
calibre, but surpassed him in the ordered clarity of his mind. Like 
Priestley, he was a born experimenter with a passion for writing, 
with the result that in his books we have a better picture of the 
extent of Moslem chemical knowledge of the early tenth century 
than exists of any earlier or subsequent period. Since, however, this 
picture depicts mainly the apparatus employed and the chemicals 
used, we may leave the reader to refer to the textbooks of the 
history of chemistry if he desires to study it in detail. More 
relevant to our present purpose is the violent attack on alchemical 
pretensions made by the celebrated Ibn Sina (Avicenna), who 
lived from 980 to 1036 or 1037. Ibn Sina — philosopher, physician, 
poet, and statesman— maintained against the alchemists that the 
yellow solids they produced were merely imitations of gold. They 
can, he says, produce these imitations with so great a degree of 
accuracy as to deceive even the shrewdest, but in such alchemical 
metals the essential nature remains unchanged: they are simply 
so dominated by induced qualities that errors may be made con- 
cerning their real nature. No true change of a metallic species 
was considered by Ibn Sina to be within the bounds of possibility ; 
but he found few to agree with him, and in the end he seems to 
have been converted by his opponents. His protest was, however, 
not without avail, for his books were widely read in medieval 
Europe, and we may be sure that the seeds of scepticism he sowed 
bore fruit in dhe season. 
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Medieval Europe. — During the twelfth to fourteenth centuries 
chemistry was imported bodily from Islam to Latin Christianity. 
Unfortunately, however, it was the alchemical aspect that received 
most attention and found the most enthusiastic following. Early 
Latin treatises on chemistry are almost entirely obsessed/ by the 
search for the elixirs, two marvellous catalysts that were tolconvert 
the base metals first into silver and then into gold. E\ 4 n such 
enlightened spirits as Roger Bacon (1214--92) were not sufficiently 
emancipated to conceive the idea of chemistry simply as a pranch 
of knowledge, and Bacon's own canon. Nothing can be certainly 
known except by experience, was by no means equivalent to the 
canon of science. Nothing can he certainly known except by experiment. 
Bacon's 'experience' admittedly included experiment, but it 
included also intuition and spiritual illumination, so that his 
position was radically different from the rationalistic attitude of 
modern science. 

The theories by which the alchemists endeavoured to order 
their indefatigable investigations must not unduly delay us, for, 
though they served to maintain experimental ardour, they ‘were 
far more of a hindrance than a help in every other way. Particularly 
by attracting the foolish, the dishonest, and the incapable to the 
pursuit of transmutation, alchemy became the object of contempt 
and suspicion on the part of educated and clear-th inking men. 
Chaucer’s derisive satire on alchemists in the Tale of the Chanoim's 
Yeoman was thoroughly described, while the Ordinall of Alkimy, 
written by Thomas Norton of Bristol in 1477, is typical of medieval 
alchemical literature in describing erroneous facts in ambiguous 
language. That metals ^ow in the earth like potatoes; that lead 
and tin are merely * unripe ' gold; that gold produces seed which, 
if sown in mercury or some other suitable soil, will give rise to a 
golden crop; that metals have sexes and by appropriate matrimony 
may be made to give birth to gold and silver — ^these and similar 
ideas are commonplaces of alchemical thought. Later develop- 
ments were still more remarkable: the elixir was man himself, and 
transmutation could be effected by mteans of quintessence of 
human brains or by the employment of some other natural or 
artificial human product. Finally, alchemy became completely 
estranged from the laboratory, and was absorbed by such fraternities 
as the Brethren of the Rosy Cross. Its further history is a part 
of the history of man's credulity. 

During the alchemical period of the development of chemistry 
there was, however, much useful discovery, even though this dis- 
covery was a mere by-product. Alcohol, nitric acid, sulphuric 
acid, hydrochloric acid, silver nitrate, mercuric chloride, and many 
otjier essential chemicals, were first prepared and investigated by 
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the alchemists. Such operations as calcination, distillation, sub- 
limation, crystallization, filtration, and reduction were carefully 
elaborated and described, and the construction of apparatus 
received due attention. The application of chemistry to the arts 
was not neglected, and primitive chemical industries began to make 
their appearance. The facts necessary for future progress were 
at length available, and when the time was propitious Nature as 
usual bore the man who was to provide the requisite stimulus. 
His name was Paracelsus. 


The Period of Iatrochemistry 

Paracelsus. — The stimulus applied to chemists by Paracelsus 
(1493-1541) was both rude and sharp. A man of extraordinary 
ability and equally extraordinary behaviour, Paracelsus* chief 
characteristic was a supreme contempt for authority. Having 
become town physician to the city of Basel — through a curious chain 
of circumstances — he made a bonfire of the medical and alchemical 
textbooks then popular and proclaimed his own scientific views in 
arresting, if bombastic, tones. Though he did not deny the pos- 
sibility of transmutation, and had the most bizarre opinions on 
the relation between alchemy and the microcosm, he maintained 
that the search for alchemical gold should not be the chief end of 
alchemy. Chemists, he averred— and by chemists he was careful 
to say he meant men who knew the discipline of the laboratory, 
not those who sat in their studies dreaming the dreams of mystical 
transmutations — ^should devote their main energies to the produc- 
tion and purification of drugs for the alleviation of human suffering. 
He saw that the possibilities of chemo-therapy were unlimited, and 
called upon his fellows to leave their nauseous old-wives* brews 
for the remedies that a properly orientated chemistry could provide. 
In spite of his disagreeable personality his appeal was a success, 
and the period of iatrochemistry, or medical chemistry, was 
inaugurated. 

The importance of this revolution was twofold. In the first 
place it diverted the energies of the more reasonable chemists into 
a saner channel, and in the second place it encouraged physicians 
to undertake the study of chemistry. Chemistry soon became a 
necessary part of the education of a medical student, and began 
to be taught in colleges and medical schools. Alchemy was by no 
means extinguished; indeed it reached the zenith of its popularity 
in the century and a half after the death of Paracelsus — but it 
continued to attract fewer and fewer of the best minds, and was 
gradually recognized to be a mischievous delusion. 
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latrochemistry was fertile iii the discovery of new substances 
and new methods, but as barren as alchemy in matters of theory. 
Paracelsus himself believed that the universe as a whole and all 
the objects in it were endowed with life, and that material sub- 
stances, while ultimately composed of the four Aristotelian elements, 
are immediately made up of three primary bodies (‘ hypostatical 
principles *), viz. salt, sulphur, and mercury — corresponding to 
body, spirit, and souL As with the sulphur and mercury\of the 
Moslem alchemists, these primary bodies are merely abstractions 
of qualities, and their principal merit is that their inadequacy later 
on provoked the great Boyle to write his masterpiece. The S^ptical 
Chymist. 

The principal iatrochemists, after Paracelsus himself, were 
Libavius (1540-1616), Van Helmont (1577-1644), and Nicolas 
LifeMERY (1645-1715). 

All three of these men made useful contributions to practical 
chemistry, while Libavius and Lhmery are noteworthy for their 
reasonable scientific outlook, from which the taint of the occult 
was largely absent. Lemery*s great textbook — the Cours de 
Chymie — is a plain and straightforward account of the prepara- 
tion and properties of substances, much on the lines of a modern 
treatise; while the theories it contains are definitely attempts to 
explain observed facts on rational grounds. Paracelsus' spirit 
of liberation had now achieved victory, and chemistry was soon 
to become as free from subservience to medicine as he had taught 
it to be from alchemy. 


The Period of Pneumatic Chemistry 

The Scientific Age. — Contemporaneous with van Helmont was 
Galileo Galilei (1564-1642), the man who above all others 
created the modem world. When Galileo turned his newly- 
constructed telescope towards the moons of Jupiter, he altered the 
whole course of history, for the observations he made enabled the 
human intelligence to overthrow the stifling burden of scholastic 
philosophy and to eject ecclesiastical authority from the autocratic 
control it had hitherto possessed over the faculty of reason. Among 
the sciences, physics was the first to benefit by the triumph of 
astronomy, but chemistry was not long in falling into line. In the 
year of Galileo's death, Robert Boyle (1627-91) was a boy of 
fifteen, dabbling with chemicals in a Dorset village. A dozen years 
later the Warden of Wadham invited him to Oxford, and the future 
of chemistry was assured. 

Robert Boyle. Boyle's work on gases is too well known to need 
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more than a brief mention. He perfected the air-pump previously 
invented by von Guericke, confirmed and extended Torricelli's 
experiments on atmospheric pressure, and discovered the celebrated 
law that passes under his name. We shall see shortly that these 
advances in gas technique had considerable influence upon sub- 
sequent progress in chemistry, but for the moment we must turn to 
Boyle's demolition of the Aristotelian elements and the Paracelsan 
hypostatical principles. In The Sceptical Chymist (i66i) he asks 
what real evidence there is that such principles or elements exist, 
and what reasons there are for supposing that, even if they do 
exist, they form the common constituents of material objects. It 
is true that when a piece of dry wood is burned, fire, water, smoke 
(or air), and ash (earth) are produced, but he points out {a) that 
there are no grounds for supposing that these substances were 
present in the wood before combustion, and (h) that there is no 
evidence whatever that the fire, water, smoke, and ash are not 
themselves complex substances. He continues as follows: 

' Since, in the first place, it may justly be doubted whether or 
no the fire be, as chymists suppose it, the genuine and universal 
resolver of mixt compound bodies; 

‘ Since we may doubt, in the next place, whether or no all the 
distinct substances that may be obtained from a mixt body by the 
fire were pre-existent there in the formes in which they were 
separated from it; 

' Since also, though we should grant the substances separable 
from mixt bodies by the fire to have been their component in- 
gredients, yet the number of such substances does not appear the 
same in all mixt bodies, some of them being resoluble into more 
differing substances than three; and others not being resoluble 
into so many as three; 

‘ And since, lastly, those very substances that are thus separated 
are not for the most part pure elementary bodies, but new kinds of 
mixts; 

' Since, I say, these things are so, I hope you will allow me to 
inferr, that the vulgar experiments (I might perchance have added, 
the arguments too) wont to be alledged by chymists to prove, that 
their three hypostatical principles do adequately compose all mixt 
bodies, are not so demonstrative as to induce a wary person to 
acquiesce in their doctrine which, till they explain and prove it 
better, will by its perplexing darkness be more apt to puzzle than 
satisfy considering men, and will to them appear incumbered with 
no small difficulties.' 

Boyle then suggests that there is no cogent reason for assigning 
any arbitrary limit to the number of elements; a more reasonable 
course, he maintains, is to conduct experiments to try to discover 
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how many there are. The contrast between this attitude and 
that adopted by earlier chemists is complete; the influence of 
Galileo was beginning to make itself felt throughout the body 
scientific, and the authority of Aristotle was rapidly diininishing 
almost to vanishing-point. Boyle is, however, not content with 
mere destructive criticism; he immediately proceeds to define his 
own view of an ' element ' as it should be conceived in ch^istry: 

‘ I mean by elements, as those chyniists that speak plainest do 
by their Principles, certain primitive and simple, or pifectly 
unmingled bodies ; which not being made of any other bodiei or of 
one another, are the ingredients of which all those called perfectly 
mixt bodies are immediately compounded, and into which they 
are ultimately resolved. ... I must not look upon any body as 
a true principle or element, which is not perfectly homogeneous, 
but is further resolvable into any number of distinct substances.’ 

The reader will here recognize our own definition of an element, 
expressed in the language of the seventeenth century. Except for 
the fact that the atoms of elements can, by certain physical processes, 
be split up into electrically charged particles, the definition as it left 
Boyle’s hands has remained unchanged to the present day. 

The Theory o! Phlogiston.— Though Boyle’s destruction of the 
peripatetic ‘ elements * and the su&titution for them of experi- 
mentally discoverable elements was of more fundamental impor- 
tance than his work on gases, it was the latter that exerted the 
more immediate effect upon the progress of chemistry. The rank 
and file of the chemical army were not yet mentally prepared for 
such a revolution as the acceptance of Boyle’s views would have 
entailed. On the other hand, the spirit of inquiry and experiment 
was vigorous, so that the new possibility of investigating those 
wild, aeriform bodies, hitherto untamable and elusive, attracted 
the attention of many skilful experimenters. 

At the same time, the Teutonic inner consciousness of Becher 
and Stahl {1660-1734) had evolved a theory of com- 
bustion that held sway in chemistry for over a century. Basically, 
it was a development of the old sulphur-mercury theory, and its 
pedigree may thus be traced back to the Aristotelian exhalations: 
a remarkable example of the tenacity of ideas. On the sulphur- 
mercury theory of metals, the combustion of a metal was explained 
by assuming the loss of its sulphureous constituent. Advancing 
knowledge soon rendered this primitive suggestion untenable, and 
the further hypothesis was made that a combustible body owed 
Its combustibility ’ to the presence in it of an oily constituent, 
^phur, from its greasy feel and from its oily appearance when 
molten, was believed to be ‘ an oily fatness of the earth ’ ; hence 
a metal, contaming sulphur as an essential constituent, would 
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necessarily be combustible. The residue left after the calcination 
or burning of a metal was regarded as composed of the mercurial 
constituent, contaminated with more or less earthy impurity. 

Becher and, more particularly, his disciple Stahl crystallized 
this rather amorphous theory into a useful scientific tool, and 
although it long outlived its usefulness and became an incubus, it 
must be regarded as the first great theoretical structure of experi- 
mental chemistry. According to Stahl, a ‘ combustible principle,' 
phlogiston (from pXoyi^cLv, to inflame), is contained in all com- 
bustible bodies, and is given up by them on combustion. Phlogiston 
becomes appreciable to the senses only when it leaves the body with 
which it was combined, and appears in the form of fire with its 
accompaniments of light and heat. The richer a substance is in 
phlogiston, the more easily it may be burnt, and the more ready it 
will be to give up phlogiston to substances that do not already 
possess it, or possess it only in small quantity. As for the actud 
process of combustion, this is merely a liberation of phlogiston from 
the body which is being burnt. 

Now practically all metals may be converted into an ash by 
means of heat, even though they may not be inflammable in the 
ordinary sense of the word; the metallic ashes were known as the 
calces of the metals and the process was called calcination. According 
to Stahl, the calcination or burning of a metal was to be explained 
in the same way as the combustion of any other combustible body, 
namely by loss of phlogiston. Metals, in short, were to be con- 
sidered as compound bodies, each composed of two constituents: 
phlogiston and calx. Different metals naturally have different 
calces, but the dual composition is common to all metals. Oil, 
charcoal, fats, etc., which bum away almost completely and leave 
little residue, are, from that very property, extremely rich in 
phlogiston. Hence, if a metallic calx is heated with charcoal, for 
instance, one might expect the charcoal to give up some of its 
phlogiston to the calx, thus reconverting the latter into the 
metal. The fact that metallic calces can thus be ‘ reduced ' to 
metal by heating with charcoal had, of course, been known for 
centuries, and at length a reasonable hypothesis was advanced to 
explain it. 

The reader will do well to assimilate the habit of mind of the 
phlogiston chemists in order that he may gain a clear understanding 
of the merits of the phlogiston theory, and realize the magnitude 
of the task undertaken by Lavoisier when, towards the close of 
the eighteenth century, he set out to overthrow it. The rise and 
fall of phlogiston form an object-lesson on the nature of scientific 
truth and on the provisional character of scientific theories all the 
more valuable in that the issues are rarely to be found so sharply 
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defined elsewhere. The following passage is taken from Watson's 
Chemical Essays (1781), vol. i; it describes the theory so lucidly 
that it is worthy of close attention. 

' Fire enters, in different proportions, into the composition of 
all vegetables, and animals, and most minerals, and in that con- 
densed, compacted, fixed state, it has been denominated the 
Phlogiston, Of itself in its natural state of uncombined expansion, 
fire is not exteemed capable of shining, or burning; when chemically 
conjoined with the other principles of bodies, it is that alonfe which 
conceives and continues those motions, by which bodies are made 
to shine, to bum, to consume away. All bodies are more or less 
susceptible of combustion, according to the quantity of this prin- 
ciple which enters into their composition, or the degree of force 
with which it adheres to them. In the act of burning, and, it may 
very probably be during the fermentation, and putrefaction, and 
chemical solutions of various bodies, it recovers its fluidity, is ex- 
panded and dispersed into the air, or combined anew with such 
substances as it has an attraction to. Notwithstanding all that 
perhaps can be said upon the subject, I am sensible the reader will 
be still ready to ask — what is phlogiston? You do not surelv^ expect 
that chemistry should be able to present you with a handful of 
phlogiston, separated from an inflammable body; you may just 
as reasonably demand a handful of magnetism, gravity, or elec- 
tricity to be extracted from a magnetic, weighty, or electric body; 
there are powers in nature, which cannot otherwise become the 
objects of sense, than by the effects they produce, and of this kind 
is phlogiston. But the following experiments will tend to render 
this perplexed subject somewhat more clear. 

' If you take a piece of sulphur, and set it on fire, it will burn 
entirely away, without leaving any ashes, or yielding any soot. 
During the burning of the sulphur, a copious vapour, powerfully 
affecting the organs of sight, and smell, and the action of the lungs, 
is dispersed. Means have been invented for collecting this vapour, 
and it is found to be a very strong acid. The acid thus procured 
from the burning of sulphur, is incapable of being either burned by 
itself, or of contributing towards the support of fire in other bodies ; 
the sulphur from which it was procured was capable of both ; there 
is a remarkable difference, then, between the acid, procured from 
the sulphur, and the sulphur itself; the acid cannot be the only 
constituent p^ of sulphur, it is evident that something else must 
have entered into its composition, by which it was rendered capable 
of combustion, this something is, from its most remarkable property, 
that of rendering a body combustible, properly enough denominated 
the food of fire, the inflammahle principle, the phlogiston, 

* From this analysis we may conclude, that the constituent parts 
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of sulphur are two — an inflammable principle, which is dispersed in 
the act of combustion, and an acid. . . . 

' If you burn charcoal in the open air, and hold a glass over its 
flame, you will perceive that it bums without emitting either any 
watery vapour or sooty impurity, and nothing will remain, from 
a large portion of charcoal, but a small portion of white ashes, 
which are incapable of any further combustion; the principle 
effecting the combustion of the charcoal, and dispersed by the act 
of combustion, is the phlogiston. 

' If you set spirits of wine on fire, they will, if pure, burn entirely 
away; they differ from charcoal in this, that they emit a vapour; 
but they leave no residuum. You may by proper vessels collect 
the vapour of burning spirits, and you will find it to be an insipid 
water, incapable of combustion. The principle eflecting the 
combustion of the spirits of wine, and dispersed by the act of 
combustion, is the phlogiston. 

‘ Some metallic substances bum, when sufficiently heated, with 
a flame more bright than that of spirits of wine, or charcoal: others 
burn or smother away like rotten wood, and most of them, when 
they have been kept in the open air in a proper degree of heat, 
lose their metallic appearance, and are converted into earth. Thus 
red lead is the earth procured from the burning of lead; and putty 
such as the polishers of glass and marble use, is the earth procured 
from tin ; the principle effecting the combustion of metallic 
substances, and dispersed in the act of combustion, is the phlogiston. 

' The acid of the sulphur] the ashes of the charcoal] the water of 
the spirits of wine] the earths of metallic substances, are utterly 
incapable of combustion; their respective differences from sulphur, 
charcoal, spirits of wine, and metallic substances, with respect, not 
only to inflammability, but to smell, colour, consistency, and other 
properties, are attributed to the phlogiston which is dispersed 
during the combustion of each of them. 

* This inflammable principle, or phlogiston, is not one thing in 
animals, another in vegetables, another in minerals, it is absolutely 
the same in them all; just as water which enters into the com- 
position of flesh, wood, coal, is still water, though its existence and 
homogeneity be rendered more doubtful in some substances than 
in others. This identity of phlogiston may be proved from a 
variety of decisive experiments; I will select a few, which may at 
the same time confirm what has been advanced concerning the 
constituent parts of sulphur. 

* From the analysis or decomposition of sulphur effected by 
burning, we have concluded, that the constituent parts of sulphur 
are two — an acid which may be collected, and an inflammable 
principle which is dispersed; if the reader has yet acquired any 
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real taste for chemical truths, he will wish to see this analysis 
confirmed by synthesis; that is, in common language, he will wish 
to see sulphur actually made, by combining its acid with an in- 
flammable principle. It seldom happens that chemists can repro- 
duce the original bodies, though they combine together all the 
principles into which they have analysed them; because mot only 
the number and proportions of the principles, but the oider also 
of their arrangement must be observed, before that can be effected; 
in the instance, however, before us, the reproduction of the Wigina’ 
substance will be found complete. \ 

‘ As the inflammable principle cannot be obtained in a palpabL 
form separate from all other bodies, the only method by whicl 
we can attempt to unite it with the acid of sulphur, must be b^ 
presenting to that acid some substance in which it is contained 
Charcoal is such a substance, and by distilling powdered charcoa 
and the acid of sulphur together, we can procure a true yello\ 
sulphur, in no wise to be distinguished from common sulphur 
This sulphur is formed from the union of the acid with the phlogistoi 
of the charcoal ; and the charcoal may by this means be so entireb 
robbed of its phlogiston, that it will be reduced to ashes, as if i 
had been burned. Animal substances reduced to the state of j 
black coal, will, by being treated in the same way, yield sulphur. . . 

* Lead, it has been observed, when melted in a strong fire, burn 
away like rotten wood; all its properties as a metal are destroyed 
and it is reduced to ashes. If you expose the ashes of lead to ; 
strong fire, they will melt; but the melted substance will not be j 
metal) it will be a yellow- or orange-coloured glass. If you poun( 
this glass and mix it with charcoal dust, or if you mix the ashes o 
the lead with charcoal dust, and expose either mixture to a meltiiij 
heat, you will obtain, not a glass, but a metal, in weight, colour 
consistency, and every other property the same as lead. Thi 
operation, by which a metallic earth is restored to its metalli 
form, is called Reduction, The ashes of lead melted without charcoa 
become glass) the ashes of lead melted with charcoal become ; 
metal) the charcoal, then, must have communicated something t< 
the ashes of lead, by which they are changed from a glass to a metal 
charcoal consists but of two things, of ashes, and of phlogiston 
the ashes of charcoal, though united with the ashes of lead, wouh 
only produce glass; it must therefore be the other constituent par 
of charcoal, or phlogiston, which is communicated to the ashes o 
lead, and by a union wdth which the ashes are restored to thei 
metallic form. The ashes of lead can never be reduced to thei 
met^lic form, without their being united with some matter con 
taining phlogiston, and they may be reduced to their metalli' 
form, by being united with any substance containing phlogiston v 
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i proper state, whether that substance be derived from the animal, 
v^egetable, or mineral kingdom (for tallow, or iron-filings, may be 
substituted with success in the room of charcoal, in the experiment 
of reducing the ashes of lead), and thence we conclude, not only 
that phlogiston is a necessary part of a metal, but that phlogiston 
has an identity belonging to it, from whatever substance in nature 
it be extracted/ 

It is clear from this extract that the phlogiston theory had no 
little success in explaining simple chemical phenomena. An 
unexpected relationship between superficially diverse facts was 
elegantly derived from a consideration of those facts in the light 
of the theory, and predictions made on a theoretical basis proved 
to be fulfilled when tested by experiment. The reactions of sulphur 
and sulphuric acid that Watson describes can be so adequately 
explained in terms of phlogiston that we begin to understand the 
hold that the theory possessed over even the most brilliant chemists 
of the eighteenth century. It gained a further triumph by its 
explanation of the following phenomena. If zinc is dissolved in 
dilute sulphuric acid, a colourless inflammable gas is evolved and 
a solution of white vitriol remains. The inflammable gas was 
regarded as practically pure, though somewhat damp, phlogiston, 
and the reaction was explained by supposing that the acid split up 
the zinc into phlogiston (which was evolved) and zinc calx, the latter 
dissolving in the acid to form the white vitriol. A logical deduc- 
tion from this hypothesis is that if zinc is first burned, so removing 
its phlogiston, the residual zinc calx should dissolve in dilute sul- 
phuric acid, to yield a solution of white vitriol without evolution 
of the inflammable gas. Experiment shows, of course, that this 
deduction is correct, for the reaction takes place exactly as foretold. 

Further, it follows from the phlogiston theory that if a metallic 
calx is heated in the above-mentioned inflammable gas, the metal 
ought to be regenerated — a deduction again in perfect agreement 
with experimentally established fact. Finally, the facts that a 
combustible substance will not bum in a vacuum, and that its 
flame is soon extinguished in a limited supply of air, were explained 
by assuming that a medium is necessary to absorb phlogiston, just 
as a sponge absorbs water. 

As to the nature of phlogiston itself, since it proved impossible 
to isolate this * inflammable principle ' its properties had to be 
deduced from observation of the reactions in which it was supposed 
to take part — in exactly the same kind of way as the properties of 
fluorine were deduced long before the element itself was isolated. 
According to Macquer, phlogiston is dry, volatile, very apt to 
assume an igneous movement, capable of combining with primitive 
principles such as earth and water — but in the latter case with much 
B 8 ‘ 15 -iom 
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more difficulty; it enters into the composition of an extremely 
large number of compounds, to which it gives the property of 
inflammability; it may pass from one compound to another; it is 
identical in whatever compound it may be found; and it is probably 
not ' elastic,' i.e. it does not behave as a gas. 

Reflection on the phlogiston theory will show us that I the real 
fault lay in the fact that chemists were still trying to explain the 
composition of material bodies in terms of qualities. Phlogiston 
was, in effect, the quality of inflammability rather than a material 
principle of inflammability; and though the importance \pf the 
theory can scarcely be overrated, in view of the large nuniber of 
hitherto heterogeneous facts that it brought to a common denomi- 
nator, it could never have attained its actual degree of success if 
Boyle's destruction of the Aristotelian elements had been properly 
appreciated. As it was, the advantage that chemistry gained from 
phlogiston was considerable; but on looking back from our present 
standpoint we realize that even greater advantage would probably 
have accrued from its absence. This is the reason for the dia- 
metrically opposed views on phlogiston to be found in modern 
textbooks. Some writers plainly perceive that the phlogiston 
theory was undeniably a great triumph of theoretical chemistry; 
others maintain that it was a serious and unfortunate obstacle to 
chemical progress. Both views are justified: a brilliant success 
that prevents an even more brilliant is relatively a hindrance; and 
if it could be incontrovertibly proved that chemistry would have 
advanced more rapidly had phlogiston never appeared on the 
eighteenth-century scene, the universal opinion would of course be 
unfavourable to it. 

The Chemistry of Gases. — We must now briefly consider some of 
the work on gases carried out by such men as Black (1728-99), 
ScHEELE (1742-86), Cavendish (1731-1810), and Priestley (1733- 
1804) — ^all of whom, it may be noted, were adherents of the phlo- 
giston theory, though Black renounced it in 1791. A detailed 
account of the discoveries of these celebrated ' pneumatic chemists ' 
is here imnecessary, since, with the exception of Black, none of 
them made important contributions to chemical theory. 

Until the eighteenth century was well advanced, the conception 
of gases as individual species of matter had gained little credence. 
The generally accepted belief was that any aeriform body differing 
from atmospheric air was air contaminated with various impurities. 
The old idea of qualities here crops up once more. Atmospheric 
air is the elastic fluid par excellence. If its usual qualities are 
removed or obscured, and new qualities are impressed upon it, 
the product is still * air,' even though its properties are profoundly 
different. As late as the closing years of the century, such names 
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IS * fixed air ' ‘ mephitic air ' and * inflammable air ' were common 
jurrency; and their disuse may be regarded as one of the turning - 
)oints of chemistry. 

The word gas was invented by Van Helmont (p. 16), who was 
iufiiciently in advance of his time to realize, if dimly, that atmo- 
;pheric air was only one example of a whole class of bodies. He 
umself recognized two further examples, viz. gas silvestre and gas 
"yinguc, * Gas silvestre ' was the name he applied to any gas 
e.g. CO2) that would not support combustion, while * gas pingue ' 
mplied any inflammable gas. This modest beginning had little 
sequel until a century or so later, owing to the experimental 
lifficulties of manipulating gases. When, however, through the 
efforts of a succession of workers, the pneumatic trough was finally 
elaborated, progress became rapid; discovery after discovery came 
n quick succession, and the age of pneumatic chemistry had arrived. 

Black’s classical research was upon carbon dioxide and its 
'eaction with quicklime and the caustic alkalis. His papers have 
3een reprinted by the Alembic Club (A.C. Reprints, No. i), and 
Lhe student is strongly recommended to read them. The whole 
investigation was a model of skilful experiment and brilliant logic, 
as may be realized by the fact that the results and explanations he 
arrived at are those that we ourselves still accept. Summarily 
expressed. Black's observations and deductions were as follows: 

Observations: 

(i) When chalk is converted into quicklime a loss in weight 
occurs. [Note the use of the balance: at that time quantitative 
work was rare,] 

(ii) This loss in weight is due to evolution of a gas, fixed air 
[i.e. COJ. 

(iii) Magnesia alba [a carbonate of magnesium] undergoes a 
similar loss in weight, and for a simUar reason. 

(iv) Mild alkalis [NajCOg and K2CO3] suffer no such loss when 
heated, though, like chalk and limestone, they lose fixed 
air [COJ when treated with dilute acids. 

Deductions : 

(i) Chalk, magnesia alba and the mild alkalis contain fixed 
air, which adheres to the last with very considerable force, 
but with less force to the other two. 

(ii) Chalk is a compound of limestone and fixed air, and mag- 
nesia alba a compound of magnesia [MgO] and fixed air. 

Observations : 

(v) Quicklime absorbs water and dissolves to form lime-water. 

(vi) Lime-water turns milky on exposure to the air. 



26 THEORETICAL AND INORGANIC CHEMISTRY 
Deduction: 

(iii) The air contains particles of fixed air that combine with 
the lime in the lime-water to form a precipitate of chalk. 

Observations: I 

(vii) A certain weight of chalk yields a certain weighjt of lime 
when heated. If this lime is treated with a solution of 
mild alkali [KgCOg or Na2C08], it is reconverted into chalk, 
and the weight of chalk so obtained is equal to theloriginal 
weight. \ 

(viii) After filtering off the chalk, the solution left is a solution 
of caustic alkali [NaOH or KOH]. 

Deductions: 

(iv) The lime took fixed air from the mild alkali. 

(v) A mild alkali consists of caustic alkali and fixed air. 

Confirmaiion of Deduction (v) ; 

A solution of caustic alkali becomes converted into a 
solution of mild alkali when exposed to air, by absotption 
of particles of atmospheric fixed air. 

Black's only other important chemical discovery was that of 
the bicarbonates, yet his work on carbon dioxide, quicklime, and 
alkalis was so great a masterpiece that he is justly regarded as one 
of the principaJ founders of chemistry. In particular, his recourse 
to the balance, as a servant and as an arbiter, at once raised his 
work to a much higher plane than that of most of his contemporaries, 
and set an example that never failed to produce fruitful results 
wherever it was followed. 

ScHEELE, a German apothecary domiciled in Swedish Pomerania, 
was perhaps, of all in the annals of chemistry, the most versatile at 
discovery. Chlorine, oxygen, ammonia, hydrogen chloride, hydro- 
gen fluoride, hydrogen sulphide, and arsenic trihydride (arsine) 
are among the gases that he was the first to isolate; while lactic, 
gallic, prussic, oxalic, citric, tartaric, malic, mucic and uric acids, 
pyrogdlol, glycerol, and milk-sugar form a few of the organic 
compounds whose discovery or purification are due to him. Anti- 
cipating Priestley in the discovery of oxygen, he was deprived 
of priority in publication by the slowness of his publishers; but he 
went further than Priestley in showing that ordinary air consists 
of two kinds of gas. He noticed also that part of the air is lost in 
combustion, and observed that the residual air was relatively 
lighter than the original air. The part of the air which was lost 
during combustion he was unable to find again. He remarks that 
it might be suggested that ‘ the lost air still remains in the residual 
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air which can no more unite with phlogiston; for, since I have found 
that it is lighter than ordinary air, it might be believed that the 
phlogiston united with this air makes it lighter, as appears to be 
known already from other experiments. But since phlogiston is 
a substance, which always presupposes some weight, I much doubt 
whether such hypothesis has any foundation.' Scheele was 
closer than he realized to a supreme discovery, that was, in fact, 
made by the great Frenchman Lavoisier in circumstances shortly 
to be described. In spite of occasional doubts and difficulties, 
Scheele never seriously suspected the phlogiston theory, even 
when Lavoisier's historic experiments were creating a chemical 
revolution. 

For our immediate purpose, the researches of Cavendish can be 
very briefly reviewed, though the reader will again be well advised 
to turn to the reprint of some of his chief papers (Alembic Club 
Reprints, No. 3) and study it carefully. One of Cavendish's 
principal discoveries was that of hydrogen (1766), which he called 
inflammable air and obtained by the action of dilute sulphuric 
acid or dilute hydrochloric acid upon zinc or iron. He proved 
further {1784) that water, instead of being an element, is a com- 
pound of inflammable air with dephlogisticated air (oxygen),, 
discovered a few years later than hydrogen by Priestley (]^. 28). 
Finally he showed that nitric acid and nitre contain dephlogisticated 
air and phlogisticated air (nitrogen), and that atmospheric nitrogen 
contains traces of a constituent (argon) that will not combine with 
oxygen under the influence of the electric spark. Like Scheele, 
and like Priestley — to whom we must now turn — Cavendish 
was a disciple of phlogiston, and never retracted his allegiance, 
though this may have been because his mind had become absorbed 
in electrical problems by the time Lavoisier's new theory of 
combustion was fully elaborated. 

Dephlogisticated Ak. — In August 1774 Priestley heated red 
calx of mercury (HgO) by means of a burning-glass. Much to his 
surprise, he obtained (a) mercury, and (6) a gas with the remark- 
able property of relighting glowing pieces of wood and of sup- 
porting combustion in general much better than ordinary air. 
If the reader has assimilated the main doctrines of phlogiston, he 
will be able to appreciate Priestley's amazement at such an 
entirely unexpected result. According to the phlogiston theory, 

mercury calx=^mercury —phlogiston. 

Hence to convert mercury calx into mercury, the former must 
be supplied with phlogiston, and since Priestley had heated the 
calx entirely unmixed with any other substai^ie, he was at a 
complete loss to account for the phenomenon. He was equally 
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unable to offer any suggestion as to the source of the gas that was 
evolved; but observing its striking power of supporting combustion 
he presumed it to be atmospheric air from which phlogiston normally 
present (as a result of the combustion of coal, wood, etc.) had been 
removed, and which had thus been conferred with the power of ab- 
sorbing more phlogiston than it would ordinarily take up. In accord- 
ance with this view he named the gas dephlogisticated air. Not for a 
moment did he conceive the possibility that the facts might be ex- 
plained upon some other theory than that of phlogistoii When the 
need for an explanation became urgent, he vacillated mom one un- 
substantial h5^othesis to another, finally arriving at me following 
conclusion: In the formation of mercury calx from n^prcury, viz. 
by heating the metal in air for some considerable tim^ to a tem- 
perature just below its boiling-point, the phlogiston of the metal 
unites with pure or dephlogisticated air from the atmosphere so as 
together to form a fixed air (which is not, in this case, carbon 
dioxide, as with Black). Hence the calx may be said to be mercury 
united with this fixed air. Then, in a greater degree of heat than 
that in which the union was formed, the fixed air is again decom- 
posed; the phlogiston in it reviving the metal, while the pure or 
dephlogisticated air is set free. Consequently the mercury calx 
actually contains within itself all the phlogiston that is, necessary 
to the revival of the mercury. 

This involved suggestion is typical of the subsidiary hypotheses 
now becoming necessary to support the phlogiston theory in the 
light of intractable facts daily increasing in number and insistence. 
Some of these facts we may next consider. 

Difficulties of Phlogiston.— In his Cours de Chymie (1675), Emmery 
mentions that * in the calcination of lead and of several other 
substances there occurs an effect, which well deserves that some 
attention should be paid to it ; it is that although by the action of 
the fire the sulphureous or volatile parts of the lead are dissipated, 
which should make it decrease in weight, nevertheless after a long 
calcination it is found that instead of weighing less than it did, it 
weighs more.' Rey (1630) tells us that the same observation 
had been made by his friend Brun; and indeed the fact had been 
known for centuries. Boyle, in 1661, had put forward the sug- 
gestion that, in the process of calcination, * multitudes of fiery 
corpuscles,' or particles of heat (then supposed to be a material 
substance), pass thro^h the pores of the glass vessel in which 
the operation is carried out, and unite with metal undergoing 
calcination. 

When the phenomenon was pressed upon the attention of phlogis- 
tian chemists, they countered the attack in three ways. In the 
first place, they replied that phlogiston had explained much, and 
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that therefore, though the increase in weight on calcination was at 
the moment inexplicable, the solution of the difficulty might safely 
be left to the future. There is nothing intrinsically reprehensible 
in the adoption of this attitude, which can usually be paralleled 
in the history of any theory and is, in fact, not dissimilar from the 
present position of the theory of the nature of electrons. At worst, 
it is merely a confession of weakness; at best, it represents that 
suspension of judgment which is a very desirable quality in a man 
of science faced with a conflict of evidence. It was certainly 
preferable to the second line of defence, which attempted to meet 
a prosaic fact by the adoption of a fantastic hypothesis, viz. that 
phlogiston had negative weight or ‘ levity.' * Phlogiston,' said 
Venel in his course of chemistry at the University of Montpellier, 

* is not attracts towards the earth, but tends" to rise; thence 
comes the increase in weight in the formation of metallic calces 
and the diminution in weight in their reduction.' The endowment 
of a supposititious entity with a uniquely improbable quality has 
little to recommend it as a method of advancing scientific know- 
ledge; actually the suggestion received little support and the 
phlogistians themselves for the most part drew a decent veil over 
such a scientifically obscene episode. 

A third explanation denied the reality of the supposed fact. 
According to the advocates of this view, the increase in weight 
was only apparent and was caused by the greater density of the 
calces than of the metals; on weighing in air, the smaller volume 
of air displaced by the calx made the apparent weight greater. 
It was conveniently forgotten that, in most cases, the calces have 
smaller densities than the metals from which they are formed. 

In addition to those who advanced one or more of the above 

* explanations,' there were many stalwarts who admitted the fact 
but resolutely declined to allow it any importance. Such a state 
of affairs may serve to remind us that the age of quantitative 
chemistry had not yet dawned, though the morning star of Black's 
work heralded its near approach. 

Reference has already been made to a further difficulty encoim- 
tered by the phlogiston theory, viz. the necessity of air for com- 
bustion. Boyle (1672) had shown that sulphur will not bum in 
a vacuum, and Stahl himself was fully aware that calcination of 
metals cannot be effected in vessels devoid of air. If combustion 
and calcination are essentially a mere disengagement of phlogiston, 
there would appear to be no reason why these processes should not 
take place equally well in a vacuum as in air, if not indeed better. 
The explanation advanced was, as we have seen, that air is necessary 
as an absorbent medium for the phlogiston; but this explanation 
failed to make clear the reason for the fact that, after combustion, 
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the residual air occupies a smaller volume than the original air. 
No satisfactory hypothesis to account for the last phenomenon was, 
in point of history, ever promulgated. 

These and similar difficulties — ^such as the formation of water 
when a metallic calx is reduced in inflammable air, which was con- 
sidered to be phlogiston united with a little heat — might have been 
expected to shake the faith of Stahl's disciples. But, as Priestley 
himself remarked, ‘ we may take a maxim so stronglv for granted 
that the plainest evidence of sense will not entirelyj change, and 
often hardly modify, our persuasions; and the more ingenious a 
man is, the more effectually he is entangled in his errtors, his inge- 
nuity only helping him to deceive himself by evading the force of 
truth.* Ilad Priestley applied this sententious aphorism to 
himself, Wurtz might have had no occasion to decladm, in later 
years, La chimie est une science frangaise: elle fut cokstitude par 
Lavoisier d* immortelle mdmoire. 

The Overthrow of Phlogiston. — History affords us few examples 
of the complete reorientation of a science through the efforts of a 
single individual. Such, however, was the feat triumphantly 
achieved by Lavoisier (1743-94), who perished in the Revolution 
but surpassed it in significance. 

The fortunate possessor of both a brilliant intelligence and 
ample wealth, Lavoisier was ideally equipped for his task. Early 
attracted to the study of problems of combustion, he soon con- 
firmed and extended previous observations on the burning of 
substances in enclosed volumes of air. Thus, on burning a piece of 
phosphorus under a bell-jar inverted in a trough of mercury, he 
made the following observations: (i) A limited volume of air will 
not bum an unlimited weight of phosphoms; (2) when an excess of 
phosphorus is used the flame is extinguished after a time, before 
the complete combustion of the phosphorus; (3) to relight the 
residual phosphorus, or to burn a fresh piece, the addition of more 
air is necessary; (4) a colourless solid, ‘phosphoric acid,* is formed 
during the combustion; (5) after the completion of the reaction the 
residual air occupies about four-fifths of the original volume; 
(6) the weight of ‘ phosphoric acid ’ produced is about two and a 
half times that of the phosphorus taken; and (7) the residual air is 
slightly lighter than ordinary air, and no longer support com- 
bustion or life. 

Lavoisier followed up this line of experiment by further re- 
searches on the calcination of tin and lead. It will be remembered 
that the increase in weight that occurs when tin and lead are 
burnt had already been observed many times, and was now 
common knowledge. The only explanation that Lavoisier re- 
garded as at all satisfactory was that advanced by Boyle, who 
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supposed that heat — ^which he considered a ‘material substance — 
had passed through the vessel from the fire to the metal, thus 
causing the increase in weight. Reflection showed, however, that 
this hypothesis was easily susceptible of experimental proof or 
disproof, as Lavoisier most lucidly explains: 

'If,* he says, ' the increase in weight of metals calcined in 
closed vessels is due, as Boyle thought, to the addition of the 
matter of flame and fire which penetrates the pores of the glass 
and combines with the metal, it follows that if, after having intro- 
duced a known quantity of metal into a glass vessel, and having 
sealed it hermetically, one determines its weight exactly; and that 
if one then proceeds to the calcination in a charcoal fire, as Boyle 
did; and lastly that if one then reweighs the same vessel after the 
calcination, before opening it, its weight ought to be found to have 
increased by the whole of the quantity of the matter of fire which 
entered during the calcination. 

* If, on the contrary . . . the increase in weight of the metallic 
calx is not due to the combination of the matter of fire nor to any 
exterior matter whatever, but to the fixation of a portion of the 
air contained in the space of the vessel, the vessel ought not to 
weigh more after the calcination than before, it ought merely to 
be found partly empty of air, and the increase in weight of the vessel 
should take place only at the moment when the missing portion 
of air is allowed to enter.' 

Lavoisier than proceeded to put his views to the test of experi- 
ment. He took a weighed glass flask, introduced a weighed 
quantity of tin, sealed the flask hermetically, and then heated it 
for an hour or two until no further calcination appeared to be 
taking place inside. He now aDowed the flask to cool, after which 
he weighed it. There was no change in weight. Upon opening 
the flask, air was heard to rush in, and when the apparatus was 
weighed once more, an increase in weight was found. The actual 
figures obtained in the experiment are as follows: 

Onces Gros Grains 

Weight of flask 12 6 5175 

Weight of flask plus tin . . . • . 20 6 5175 

Weight of tin . . . . .80 o*oo 

After calcination hut before opening: 

Weight of whole apparatus, unchanged. 

After calcination and opening: 

Onces Gros Grains 

Weight of whole apparatus . 20 6 6i*8i 

Increase in weight on calcination . .00 io*o6 
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Lavoisier next removed the tin calx and residual tin from the 


fiadc and weighed them separately; 

Onces Gros 

Grains 

Tin calx 

• 2 

7 

2*75 

Tin 

. 5 

1 

7-25 

Total weight after calcination . 

. 8 

0 

I 0‘00 

But total weight before calcination , 

. 8 

0 

0*00 

/, Increase in weight on calcination 

• °i 

0 

10*00 


These results showed clearly that the increase ini weight was 
due, not to the absorption of a h 3 ^othetical ' mattel of fire * as 
Boyle had supposed, but to an absorption of air, th^ increase in 
weight of the metal being almost exactly equal to thi|k weight of 
air which rushed in when the flask was opened. 

Further experiments on the same lines led him to conclude: 

‘ First, that one cannot calcine an unlimited quantity of tin in 
a given quantity of air. 

‘ Second, that the quantity of metal calcined is greater in a large 
vessel than in a small one, ^though it cannot yet be affirmed that 
the quantity of metal calcined is exactly proportional to the capacity 
of the vessels. 

" Third, that the hermetically sealed vessels, weighed before and 
after the calcination of the portion of tin they contain, show no 
difference in weight, which clearly proves that the increase in 
weight of the metal comes neither from the material of the fire nor 
from any matter exterior to the vessel, 

* Fourth, that in every calcination of tin, the increase in weight of 
the metal is, fairly exactly, equal to the weight of the quantity of 
air absorbed, which proves that the portion of the air which com- 
bines with the metal during the calcination, has a specific gravity 
nearly equal to that of atmospheric air. 

* I may add that, from certain considerations drawn from actual 
expc^ents made upon the calcination of metals in closed vessels, 
considerations which it would be difficult for me to explain to the 
reato without going into too great detail, I am led to believe that 
the ijortion of the air which combines with the metals is dightly 
heavier than atmospheric air, and that that which remains after 
t^ calcination is, on the contraiy, rather lighter. Atmospheric 
air, on this assumption, would form, relativdy to the specific 
gravity, a mean result between these two airs/ 

His exj^rimental figures enabled him to deduce that the air 
mu^ consist of at least two gases, only one of which is concerned 
in calcination. By a n^asuremehf of the capacity of the flask, he 
ute able to calculate the weight of air it attained. 
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This was considerably greater than the weight of air that entered 
when the flask was opened, the deduction therefore being that only 
a part of the air had been used. Now, since there was an excess 
of tin, the cessation of calcination before the whole of the air had 
been consumed could be explained only on the assumption that the 
air consists of a mixture of gases, of which one can effect calcination 
while the others cannot. 

It was at this juncture that Lavoisier met Priestley while the 
latter was on a visit to Paris (October 1774) and heard about the 
surprising experiment on red calx of mercury. How much informa- 
tion Priestley imparted to Lavoisier is a matter of uncertainty, 
but it could not have been a great deal, for he had had but little 
time to investigate the properties of dephlogisticated air since 
discovering it in the previous August. However, a mere hint was 
sufficient for Lavoisier, who, during the winter of 1774-5, repeated 
and extended Priestley's experiments. His first care was to 
confirm the generally accepted belief that red calx of mercury 
really is a calx, comparable in character to the calces of other metals. 
To do this, he heated an ounce of the substance with powdered 
charcoal in a small retort, and showed that mercury and fixed air 
(CO2) were produced. Since this reaction — formation of metal and 
fixed air — ^is characteristic of calces when heated with charcoal, he 
felt justified in assuming that the red powder in question was defi- 
nitely calx of mercury. He next heated some of the calx by itself, 
and observed that one ounce of it yielded seven gros and eighteen 
grains of liquid mercury and seventy-eight cubic inches of Priest- 
ley's dephlogisticated air. Investigation of the gas showed it to 
have the following properties: 

(i) It was insoluble in water, unlike fixed air. 

(ii) It would not turn lime-water milky, as fixed air does. 

(iii) It would not combine with alkalis, as fixed air does. 

(iv) It was able to bring about the calcination of metals. 

(v) It supported life and combustion very well. 

These properties conclusively demonstrated that the gas was not 
fixed air, but that it was a gas ' purer ' than atmospheric air. 
* Hence it would appear to be proved,' he continues, ‘ that the 
principle which combines with metals during their calcination, and 
which increases thdr weight, is no other than the purest portion 
of the very air that surrounds us, that we breathe, and that passes 
during this operation [calcination] from the elastic state to the solid 
state. Hence the production of fixed air in afl cases of metaiiic 
redactions with charcoal is due to the combination of the charcoal 
the pure pcartion of the air; and it is very probable that alj 
calces would, like that of mercury, }r&ld tithing but 
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** eminently respirable air '' if one conld reduce them all wthout 
addition [of any reducing agent], as one reduces red precipitate of 
mercury se [HgO ; calx of mercury]. . . . 

^ Since in the revivification of the mercury calx aU the diarco^ 
disappears and only mercury and fixed air are obtained, it is 
necessary to conclude that the principle hitherto called fixed air is 
the result of the combination of the eminently respirable portion 
of the air with the charcoal/ r 

Briefly expressed, Lavoisier's conclusions from thfe experiments 
just mentioned were: I 

(i) Mercury * calx ' is a compound of mercury anp ‘ eminently 
respirable air.’ 

(ii) On heating, the calx decomposes into its constituents. 

(iii) Fixed air is a compound of carbon and ‘ eminently respirable 
air.' 

(iv) Mercury calx+carbon=mercuiy+fixed air. 

These conclusions are, of course, those that we now accept ; but 
Lavoisier was not yet content. His main objective at the moment, 
to which the previous experiments were but a prelimina^, was the 
composition of the atmosphere. It was in pursuit of this aim that 
he carried out the classical investigation described in his filementary 
Treatise on Chemistry: an investigation of more consequence than 
any other single experiment in the history of chemistry. ‘ Lavoi- 
sier's Experiment,' to give it the name that marks it as his chej 
d*oeuvre, was as follows — ^the words are those of Lavoisier himself : 

* I took a matrass (A, 
Fig, i) of about 36 cubi- 
cal inches capacity, 
having a long ne^ 
BCDE, of six or seven 
lines internal diameter, 
and hav^ bent the 
neck as in the figure, 
to allow of its being 

S laced in the furnace 
[MNN, in such a 
manner that the ex- 
tremity of its neck E 
might be inserted under 
1. Lavoismr's BxnmiMmrr » bdl-glass FG. placed 

in a toraspbi of qnidc- 
sihrer RRSS ; I introduced four ounces of pure mercury into 
the matrass, and, by means of a s3q>hon, exhausted the air 
ia the; receiver FG, so as to raise the quicksilvcsr to LL, and I 
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caielally marked the h^ht at which it stood, by pasting on a 
dip of paper. Having accurately noted the height of the ther- 
mometer and barometer, I lighted a fire in the tumace MMNN, 
which I kept up almost continually during twelve days, so as to 
keep the quicksilver always very near its boiling-point. Nothing 
remarkable took place during the first day: the mercury, though 
not boiling, was continually evaporating, and covered the interior 
surface of the vessel with small drops, at first very minute, which 
gradually augmenting to a sufficient size, fell back into the mass at 
the bottom of the vessel., On the second day, small red particles 
began to appear on the surface of the mercury; these, during the 
four or five following days, ^adually increased in size and number, 
after which they ceased to increase in either respect. At the end 
of twelve da3rs, seeing that the calcination of the mercury did not 
at all increase, I extinguished the fire, and allowed the vessels to 
cool. The bulk of air in the body and neck of the matrass, and in 
the bell-glass, reduced to a mediiun of 28 inches of the barometer 
and 54*5° of the thermometer, at the commencement of the experi- 
ment was about 50 cubical inches. At the end of the experiment 
the remaining air, reduced to the same medium pressure and 
temperature, was only between 42 and 43 cubical inches; conse- 
quently it had lost about one-sixth of its bulk. Afterwards, having 
collected aU the red particles, formed during the experiment, from 
the rutming mercury in which they floated, I found these to amount 
to 45 grains. 

‘ I was obliged to repeat this experiment several times, as it is 
difficult in one experiment both to preserve the whole air up<m 
wMch we operate, and to collect the whole of the red particles, or 
calx ctf mercury, which is formed during the calcination. It will 
often happen in the sequel, that 1 shall, in this manner, give in one 
detail the results of two or three experiments of the same nature. 

' The air which remained after the calcination of the mercury in 
this experiment, and which was reduced to five-sixths of its fonnei; 
bulk, was no longer fit either for respiration or^ for combustion; 
aniTTiak being introduced into it were suffocated in a few seconds, 
and when a taper was plunged into it, it was extingrtished as if 
it had been immersed in water. 

‘ In the next place I took 45 grains of red matter formed durmg 
this expniment, which I put into a smaU glass retort, having a 
proper apparatus for receiving such liquid, or gaseous funduct, 
as might be extracted. Having applied a f^ to the retort in the 
furnace, 1 observed thati in proportion as the red mattot became 
heated, the intensity of its colour augmented. ' When tiie retort 
wie almost j«d*hot, the red mattw began gradually to decrease 
in bulk, and in a few minutes after it disappeared aftegether; at 
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the same time 41J grains of running mercury were collected in 
the recipient, and 7 or 8 cubical inches of elastic fluid, greatly 
more capable of supporting both respiration and combustion than 
atmospherical air, were collected in the bell-glass. 

' A part of this air being put into a glass tube of about an inch 
diameter, diowed the following properties: A taper burned in it 
with a daggling splendour, and charcoal, instead of consuxning 
quietly as it does in common air, burnt with a flame, attended 
with a decrepitating noise, like phosphorus, and thr^ out such a 
briUiant light that the eyes could hardly endure it. I This species 
of air was discovered almost at the same time by Dr. Priestley, 
Mn Scheele, and myself. Dr. Priestley gave it the name of de- 
p^psticated air, Mr. Scheele called it empyreal air; at Arst I named 
it highly respirable air, to which has since been substitufed the term 
of vital air. We shall presently see what we ought to thmk of these 
denominations. 

' In reflecting upon the circumstances of this experiment, we 
readily perceive, that the mercury, during its calcination, absorbs 
the salubrious and respirable part of the air, or, to speak more 
strictly, the base of this respirable part; that the remaining air is ' 
a species of mephitis, incapable of supporting combustion or 
respiration; and consequently that atmospheric air is composed of 
two elastic fluids of different and opposite qualities. As^ a proof of 
this important truth, if we recombine these two elastic fluids, 
which we have separately obtained in the above experiment, viz. 
the 42 cubical inches of mephitis, with the 8 cubical inches of 
respirable air, we reproduce an air precisely similar to that of the 
atmosphere, and possessing nearly the same power of supporting 
combustion and respiration, and of contributing to the calcination 
of metals.' 

Lavoisier was fully alive to the revolutionary character of the 
conclusions at which he had arrived. Writing in 1778, he prefaces 
a first cautious attack on phlogiston by some unexceptionable 
remarks on the nature of scientific hypotheses and theories in 
genend. Theoretic^ systems in physicd science, he urged, are 
nothing more than instruments with which to succour the weakness 
of our senses; properly speaking, they are methods of approximation 
that put us on the road to the solution of the problem. They are 
hypotheses that, if successively modified, corrected and changed 
in iccmrdance with the demand of experimental fact, will unfail- 
ingly lead ip to a knowledge of the true laws of nature, 

* Aito this (unsuccessful) attempt to disarm opporition, he sets 
09^ his new theory of combustion, according to which: 

<i) The active agent in combustion is pRiESTLEy's dephlc^ti- 
cated air. 
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(ii) This ' slit/ better named ' eminently respirable air/ is con- 
tained in the atmosphere to the extent of approximately 
one-sixth part by volume, and is the only part of the 
atmosphere capable of supporting combustion. 

(iii) \yhen a substance bums, it absorbs eminently respirable 
air, and the increase in weight is exactly equal to the weight 
of this air taken up. 

(iv) On calcination, 

metal+emin^ntly respirable air=metallic calx, 
(element) (compound) 

not, as the phlogiston theory has it, 

metal — phlogiston = metallic calx, 

(compound) (element) 

Lavoisier’s theory at first gained little headway, but in 1783 
he made a second onslaught in his Reflections on Phlogiston, In 
the meantime he had shown that the combination of moist eminently 
respirable air with sulphur yielded sulphuric acid, with phosphorus 
phosphoric acid, and with carbon carbonic acid. Regarding the 
gas as the essential principle of acids, he accordingly changed its 
name to oxygen. 

In the celebrated Reflections he threw caution to the winds, 
maintaining that his principe oxygine explained ‘ the chief difi&* 
culties of chemistry * with an astonishing simplicity — Sl claim that 
we must admit to have been perfectly true. * But if in chemistry 
everything can be satisfactorily explained without the help of 
phlogiston, by that fact alone it is exceedingly probable that such 
a principle does not exist, that it is a hypothetical entity, a 
gratuitous supposition; now, one of the principles of sound logic 
is not to multiply entities unnecessarily. Perhaps I might have 
confined myself to these negative proofs, and stayed content with 
having proved that the phenomena can be better explained without 
phlogiston than with it ; but it is time for me to express myself in 
a more precise and formal manner concerning an opinion that I 
regard as an error fatal to chemistry, an error that seems to me 
to have considerably retarded progress by the unsound method 
of reasoning it has introduced. ... It is time to recall diemistry 
to a more rigorous method of reasoning ; to strip the facts with which 
this science is enriched every day from that which reasoning and 
prejudices add thereto; to distinguish fact and observation from 
that which is systematic and hypothetical; finsiUy, to mark the 
hmit, so to speak, to which chemical knowle^e has arrived, in 
Ord^ that those who follow us may set out with confidence from 
this point to advance the science. . . . Chemists have made oi 
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|>Uogiston a vague principle which is not rigorously defined, and 
which consequently adapts itself to all explanations into whidi 
it may be brought. Sometimes this principle is heavy, and some- 
times it is not ; sometimes it is free fire, sometimes it is fire combined 
with the earthy element; sometimes it passes through the pores of 
vessels, and sometimes they are impenetrable for it. It explains 
at once causticity and non-causticity, transparency and opacity, 
colours and the absence of colours. It is a veritable l^oteus 
which changes its form at every instant.' 

After the publication of this article, LavoisierI rapidly won 
over to his side the majority of his fellow-chemists, though he 
suffered much opposition from Priestley and cmain others 
among the older men. His victory was hard-won, ana the reader 
should not imagine that there was an 3 ^hing in the nature of enthu- 
siasm to abandon phlogiston for oxygen. Indeed, if space allowed, 
we should find it extremely instructive to follow the fortunes of 
the battle from stage to stage; but since this is not possible, we must 
content ourselves by pointing out that, though the phlogiston 
theory was overthrown, the facts that the phlogistian chemists, 
had ascertained and systematized remained a permanent acquisition 
to the stock of human knowledge. It is sometimes argued, even 
by cultured minds, that no reliance is to be placed upon the voice 
of science, since her theories are continually changing.^ Such an 
attitude is entirely tmjustifiable, {a) since the accumulation of 
experimentally confirmed facts progresses steadily in spite of the 
fate of theories; (fc) since whenever a new theory replaces an old 
one, a vrider sweep of facts is brought into the region of ordered 
arrangement; and (c) since the fate of the old theory is more often 
than not merely an absorption into the more comprehensive system 
that succeeds it, as a rough approximation is implicit in a closer one. 

With the establishment of the oxygen theory of combustion, 
chemistry was already beginning to present a more familiar aspect, 
md we may therefore now proceed to discuss the second great 
pillar of the nineteenth-century form of the science, viz. the atomic 
theiSry of Dalton. T^ose who wish to follow the important work 
that was carried out, in the clewing years of the eighteenth century 
an4, tl^ opming years of the nineteenth, upon qualitative and 
<|^^antitative analysis, and upon descriptive inorganic chemistry in 
general, are referred to the standardinatories of chemistry mentioned 
at . the end of this Historical Introduction. 

Xte Atomie Die^. — ^The development of the atomic theory, 
gee that of the pl^giston theory, should be closely followed by 
student of chemistry, since it dearly d^onstrates the temporary 
and {HTOvi^nal character, of scientific theories and hypotheses and 
naakes ^ p^ma^ nature of sdentific truth sufficiently plain 
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evrai to those innocent of fonnal philosophy. Much has been 
written on the method of science that has no particular value for 
scientists themselves; what it is essential for scientists to realize 
is that no theory is sacrosanct and no authority infallible. Though 
deduction from facts to a law, followed by induction from the law 
to further facts previously undiscovered, is the common course of 
scientific progress, such a method is not confined to science, and 
when scientists follow it they frequently do so unconsciously. 
The condition of scientific advance is not adherent to formal 
philosophic method but the spirit of free inquiry supported by 
experimental confirmation. Atoms, ions, and electrons are but 
scientific fictions— convenient names for packets of associated 
phenomena — ^and the more quickly the yoimg chemist learns to 
respect them as tools, not to worsmp them as eternal verities, the 
more quickly will he fit himself for productive original investigation. 

It is obvious that, if matter is not continuous, it must be discrete. 
Yet in classical Greece, where the Western form of the atomic 
theory originated, the problem did not present itself as quite such 
a simple choice between opposites. There were felt to be serious 
objections to the hypothesis of the unbroken continuity of matter, 
but the human mind had’ not yet accustomed itself to the notion 
of a void, a completely empty space. Consequently, when the 
theory arose that matter is composed of discrete atoms, that it has 
in fact a * grained ’ structure, the conception was so foreign that 
at first it won little acceptance. Atoms were conceivable, but what 
was between them? To reply ‘ Empty space ’ appeared sus- 
piciously like shirking the issue. However, the labours of Leu* 
cippos and Democritus (fifth centr^ b.c.) and Epicurus (about 
300 B.c.) at length succeeaed in making the idea of a void familiar, 
and the atomic theory that they developed then received respectful 
attention. Our knowledge of the theory is derived mainly from 
the poem of Lucretius (first century b.c.), in which the earlier 
views are Ir^cally marshalled and brilliantly expounded. The 
chief points of permanent value, in the light of subs^uent develop- 
ments, are as follows: 

(i) There is only one ultimate species of matter. 

(ii) Matter is indestructible and cannot be created. 

(iii) Matter is not continuous, but discrete, i.e. it has a 
‘ grained ’ structure. 

(iv) Matter is - composed of ‘ atoms ’ which are invk&le, 

physically indivisible, indestructible, . eternal and ifn- 
l^etrable. _ - 

M Between atoms there is simply a vdd — atmty ,^«ce. 

(iri) The atoms of difierent substances are difierent in ^pe, 
and wdght. 
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(vii) Atoms are in constant motion — ^rectilinear according to 
Democritus— -colliding with, and rebounding from, one 
another * like motes in a sunbeam/ 

(viii) Substances differ in properties according to the nature, 
number and arrangement of the atoms of which they are 
composed. 

When it is put thus baldly, we may be tempted to read into the 
classical theory a good deal that it does not actuallyjj contain. Yet 
this temptation must be resisted. ‘ It must always lie remembered 
that ancient speculation is a very different matterlfrom modem 
research: at its best it rested in the main upon a prhri reasoning, 
and though observation and even experiment ma5i!i have given 
some knowledge of detail, they had little place in the iijevelopment 
of the larger fundamental theories. And not only ido methods 
differ, but the fundamental conceptions of the atom in the ancient 
theory and modern chemistry are widely divergent. The Greeks 
conceived a perfectly hard unalterable body, incapable of entering 
into any combination except by juxtaposition or at most entangle- 
ment: modem chemistry conceives an elastic changeable body, 
which in the fusion of chemical combination merges its material 
identity in a new substance.' ^ In spite of this radical difference 
between the ancient and the modem forms of the atomic theory, 
the Greeks must nevertheless be given the credit for having fami- 
liarized men with the abstmse conceptions of atoms that had parts 
and were yet indivisible and of a void that was literally void. How 
strange these conceptions appeared to be when first suggested we 
may perhaps appreciate by the fact that Aristotle (384-322 b.c.) 
—the greatest scientific mind of antiquity — himself regarded the 
first as anomalous and the second as incredible. All the weight of 
his authority was consequently thrown against the atomic theory, 
and when Galen, the celebrated physician of the second century 
A.©., added his veto to that of Aristotle, atoms suffered an eclipse 
that was to last for some fourteen hundred years. The eclipse 
was, however, not absolutely total. Sporadically, among the 
Moslem scientists and among the scholars of medieval Christendom, 
the atomic conce^ion of matter received momentary attention; 
and though the idea was resuscitated only to be immediately 
disavowed, the continuity of its existence remained unbroken until 
the revival of atomism in the seventeenth century. 

^ One of the principal protagonists of atcans at this period was 
Gassendi (1592-^655), who combined a violent antipathy to 
Aristotle with a warm admiratiem for Epicurus- He urged the 
atmnk: theory of the latter with considerable pemuasive skill, and 
* C. Bailey, Tk$ Gr$eh AUmisH and Epicums (1928), pp, 4-5. 
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as he was fortimate enough to find a foeman worthy of his sted in 
Descartes (1596-1650), the passages-at-anns between them brought 
atoms once more into the forefront of the public gaze. Descartes 
was not an anti-atomist, but, like Aristotle, he could not admit 
the possibility of truly vacuous space. Neither would he allow 
that atoms were indivisible, regarding them rather as liable to be 
worn away into a still more tenuous matter by mutual friction. 

‘ If we assume/ he sscys, ' that all the matter of which the world 
is made up, had at the beginning been divided into many equal 
parts, then these could not at first have been all round, because 
spheres joined cannot constitute an entirely solid and continuous 
body such as this universe, in which . . . void cannot exist. But 
whatever the original shape of these parts may have been, they 
must in time have become round because they are endowed with 
rotatory motions of different kinds, and so by and by as they col- 
lided their comers were ground away/ But inasmuch as empty 
space can exist nowhere in the universe, it follows that the spaces 
between the particles must be filled with a subtle, extremelv finely 
divided matter, derived from the particles themselves by niction. 
Finally, Descartes postulated a third sort of matter, consisting 
of parts more coarse than either the interstitial matter or the 
spherical particles. 

In the Cartesian interstitial matter or materia coelesHs we may 
see a forerunner of the ‘ether' — that ‘subject of the verb to 
undulate ' with which nineteenth-century science, unable like 
Aristotle to conceive of an absolute void, filled the whole of 
space. In its main structure, however, the system of Descartes 
was of no immediate scientific value: it is, as usual, to the men of 
science that we must have recourse for theories that lead to definite 
results. The immediate service that Descartes and Gassekbi 
rendered to science was that they brought the atomic hypothesis 
of the stracture of matter into such prominence that no chemist 
could remain in ignorance of it. We find evidence of this fad: in 
the writings of Boyle, who refers to the hypothesis that Hhe 
World is made up of an innumerable multitude of singly insen^le 
Corpuscles, endow'd with their own Sizes, Shapes, and Motions,' 
in terms which imply that it was perfectly familiar to his con- 
temporaries. It gained further consideration from men of science 
when Newton (1642-1727) declared his allegiance. 

In his Opticks, Newton says: ‘It seems probable to me that 
God in the beginning formed matter in soM, massy, hard, im- 
penetrable, moveable particles, of such sizes and figures^ as most 
conduced to the end for which He formed them; and that til^ese 
I»iimtive partides, being solids, are incomparably hardar than any 
bodies compounded of them; even so very hard as never 
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wear or breait in pieces, no ordinary power being able to divide 
wlaat God Himself made one in the first creation, . . . God is able 
to create particles of matter of several sizes and figure, and in 
several proportions to the space they occupy, and perhaps of 
different densities and forces. . . . Now, by the h^p of these 
principles, all material things seem to have been composed of the 
hard and solid particles above mentioned — ^variously associated 
in the first creation, by the counsel of an intelligent ^ent/ 

This passage is very reminiscent of Lucretius, Ibut Newton 
was a scientist and applied his hypothesis to exp^^ental fact 
had recently discovered his ‘ Law,' and Nhwton offered 
a theoretical explanation of the phenomenon in ‘ the first quanti- 
tative conclusion ever formed about atoms.' He pfoved in the 
Principia that ‘ if the density of a fluid gas which i^|made up of 
mutually repulsive particles is proportional to the ^essure, the 
forces between the particles are reciprocally proportional to the 
distances between their centres. And vice versa, mutually repul- 
sive particles, the forces between which are reciprocally proportional 
to the distances between their centres, will make up an elastic 
fluid, the density of which is proportional to the pressure.' Newton 
goes on: ‘ Whether elastic fluids do really consist of particles so 
repelling one another, is a physical question. We have here 
demonstrated mathematically the properties of fluids consisting 
of this kind, that hence philosophers may take occasion to discuss 
that question.' 

What strikes us immediately is the great difference in attitude 
towards the atomic theory, between the scientists as exemplified 
by Newton and the general body of atomic philosophers. It 
is perfectly true to say that the atomic theory can be traced, in 
unbroken historical continuity, from Leucippus to Newton, but 
Newton's position is this: ‘ Let us suppose that there are atoms 
and see what may be deduced therefrom in accordance with ex- 
pisuimentsd fact,' and therein lies the vital difference between a 
sdautific theory and a philosophic speculation. 

Newton's suggestion that a gas may be composed of particles 
which repd one another in a perfectly definite way was the imme- 
diate cause of the formulation of the chemical atomic theory a 
century later. 

S&B Atomte Ibectty ol ])att(m;^Though the atomic theory, in 
its philosophica! form, had been in existence for over two thousand 
before the birth of John Dalton (1^6-1844), it was who 
moulded it into such a form that it became susceptible of 
experimental verification. For this reascm Daltoi^ is r%ht]y . re- 
galed as the founder of the mo^tn atomic themy* It is true 
that William Higgins {d. 18^5) imblistod l<teas of a somewhat 
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gimil ar nature to those of Datton about fourteen years earlier 
than the latter, but their importance was not realized at the time 
(1789)— owing to the controversy over phlogiston — and the kdc 
of interest shown in his work discouraged Higgihs from continuing 
it. The same fate, it will be remembered, befell Newlands in 
connection with his Law of Octaves-, yet though Higgiks most be 
credited with priority over Daeton in certain essential points, 
there is no doubt that Daltom elaborated his theory quite inde- 
pendently. As to the subsequent developments, which mrmed the 
greater part of DALTON’s^theory, there is no reason to suppose tlmt 
WGGINS foresaw them or that he would have had the genius to cany 
them to the fulfilment they reached at the hands of Dalton. 

The sequence of events that led Dalton to the formulation of 
his theory is not quite clear, and since he himself gave contradktoiy 
accounts on difierent occasions it is very unlikely that the truth 
of the matter will ever be known. The reader who is interested in 
the subject is referred to the histories of chemistry; from the present 
point of view the actual sequence is of little importance in com- 
t«sison with the main features of the theory in its final fonn. 
Through a fondness for meteorology, Dalton was led to a study td 
the properties and compoation of the atmosphere, and thence to 
an invest^tion of ‘ elastic fluids ' or gases in general Steeped 
in the works of Newton, he habitually thought in terms of atqrcs, 
and the atomic theory sems to have first ts^en shape in his mind 
as a physical thecny to explain the pn^ierties of gases. * Having 
long be^ accustomed to make meteorological observations,’ he 
said, ' and to speculate upon the nature and constitution of the 
atmosphere, it often struck me how a compomd atmosphere, or 
a mixture of two or more elastic fluids, should constitute apparratly 
a homogeneous mass, or one in all mechanical relations agreeiitg 
with a simple atmosphere. Newton has demonstrated dearly 
in the 23rd Prop, of Book II of the Prindpia that an elastic fluid 
is constituted of small partides or atoms of matter whidi repel 
each other by a force increasing in proportion as their distaiK^e 
diminishes.' 

Applsring Newtonian prindpia to the problem of mixed gas^ 
he was able to account for a phenomenon he had observed in 
1801, viz. that the pressure in a mixture of gases is tlie spn cfl 
the partial pressures, , or that in sudi a mixture each gas exerts 
the same preasure- as it would if it were separately enclosed in the 
volni^ occuided by the whole mixture. This he ei^lai^ by 
assuming that whmi two gas^, ' denoted by A and R, are ndxed 
t<^;etlmr, these ^ no mutual repulsion amos^ their partides. 
that is, the particles of A do not repd those df B, as the]^ do tme 
ahother.’ Although this explanation is no loufer Mo, it dtods 
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that Dalton was already employing an atomic hypothesis, and 
that he was profoundly influenced by the ideas of Newton, Two 
years later, Dalton was able to publish a further generalization, 
which stated that if a mixture of gases is exposed to a liquid, each 
gas dissolves in the liquid according to its partial pressure. 

From the mental picture he had formed of the atomic constitution 
of gases, Dalton was led to ponder the possibility of an experimental 
determination of the relative weights of atoms of < 3 ^erent kinds. 
It was here that his genius at once made itself apparent. Having 
discovered that carbon dioxide contained twice as much oxygen, 
for a given quantity of carbon, as carbonic oxide ftarbln monoxide], 
he made the bold assumption that the ' compound atom ' of 
carbonic oxide consisted of one atom of carbon and o^e of oxygen, 
and that the * compound atom ' of carbon dioxide Consisted of 
one atom of carbon and two of oxygen. If this assumption were 
correct, then the ratio by weight of oxygen to carbon in carbonic 
oxide must be the same as the relative weights of the atoms of 
these two elements. Similar groups of compounds for which 
Dalton obtained analytical data were olefiant gas [CgHJ and 
methane [CHJ; and nitrous gas [NO], nitrous oxide [NgO], and 
‘ nitric acid ' [NOJ. He foimd that the same kind of relation 
held, viz. that when two or more elements combine to^form more 
than one compound, then the different weights of one element that 
combine with a fixed weight of the other are in a simple ratio to 
one another; he had, in fact, discovered the Law of Multiple Pro- 
portions, though he never gave the law formal expression. In 
the light of this important result, he was able to make conjectures 
^ to the structures of the ‘ compound atoms * of the substances 
in question, and thus to mrive at provisional atomic weights for 
the elements contained in them. His note-book contains the 
following list, under the date 6th September, 1803; 

Hydrogen . i 

Oxygen . , 5-66 

Azote (nitrogen) 4 
Carbon . , 4*5 

Sulphur. . 17 

tc^ether with the weights of certain ‘ compound atoms 

Water 6*66 * Nitric acid ' [NOJ 15*32 

^nmonia . 5 Sulphurous acid 22*66 

Nitrous gas [NO] 9-66 Sulphuric acid [SOg] 28*32 

Nitrous oxide 13*66 Carbonic acid [CO J 15*8 

Oxide of carbon [CO] io*2 

DAtTOH gave a further exposition of his theory in Chapter III, ‘ On 
Cwmieal Synthesis/ of Part I of his epoch-making work, A New 
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System of Chemical Philosophy (i8o8). The chief points ate as 
follows: 

1. All matter is composed of a great number of extremely small 
particles or atoms. To attempt to conceive the number of particles 
is like attempting to conceive the number of stars in the universe; 
we are confounded by the thought. But if we limit the subject, 
by taking a given volume of a gas, we seem persuaded that, let the 
divisions be ever so minute, the number of particles must be finite; 
just as in a given space of the universe, the number of stars and 
planets cannot be infinite^ 

2. Chemical analysis and synthesis go no farther than to the 
separation of particles one from another, and to their reunion. 
In other words, atoms are indestructible and cannot be created, 
whence may be deduced the Law of the Conservation of Matter, viz, 
matter can neither be created nor destroyed. ' No new creation 
or destruction of matter is within the reach of chemical agency. 
We might as well attempt to introduce a new planet into the solar 
system, or to annihilate one already in existence, as to create or 
destroy a particle of hydrogen. All the changes we can produce 
consist in separating particles that are in a state of cohesion or 
combination, and joining those that were previously at a distance.' 

3. Each element has its own distinctive kind of atom, and 
similarly each compound has its own distinctive kind of * compound 
atom ' or ultimate mechanical particle. Thus, any one atom of 
iron exactly resembles any other atom of iron, but is different from 
the atoms of all other dements; and all 'compound atoms' of 
water exactly resemble one another but differ from the ' compound 
atoms ' of all other compotmds. 

4. It is important, and possible, to ascertain the rdative weights 
of different atoms. ‘ In all chemical investigations, it has justly 
been considered an important object to ascertain the relative 
weights of the simples [dements] which constitute a compound. 
But unfortunately the inquiry has terminated here; whereas, from 
the rdative weights, the relative weights of the ultimate particles 
or atoms of the bodies might have b^n inferred, from which their 
number and weight in various other compounds would appear, in 
order to assist and to guide future investigations, and to correct 
their results. Now it is one great object of this work, to show the 
importance and advantage of ascertaining the relative weijghts of 
the ultimate particles, both of simple and compound bod&, the 
niunber of simple dementaiy partides which constitute one com- 
pound particle, and the number of less compound particles whidi 
enter into the formation of one more compound partidte.' 

5. When dements combine to form compounds, the ultimate 
particles of the compounds consist of small whole numbers of the 
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atoms of the elements concerned. Thus if there are two dements, 
A and B, which are disposed to combine, the following is the order 
in whidi the cranbinations may take place, b^huiing with the 
most ample: 

I atom of A+i atom of B=i ultimate particle of C, a binary 
ccnnpound. 

I atom of A+2 atoms of B=i ultimate partide of D, a ternary 
compound. 

z atoms of A+i atom of B=i ultimate partide 
compound. 

r atom of A+3 atoms of B=i ultimate particle 
nary compound. 

3 atoms of A+i atom of B=i ultimate particle 
nary compound. 

At this stage Dalton had no means of determining the actual 
numbers of atoms in the ultimate partides of compounds, so that 
he had to fall back on assumptions. The main assumptions that 
he made were these: 

' 1st. When only one combination [compound] of two elementary 
bodies can be obtained, it must be presumed to be a binary one, 
unless some cause appear to the contrary. 

' 2nd. When two combinations are observed, th 4 y must be 
presumed to be a binary and a ternary. 

‘ 3rd. When three combinations are obtained, we may expect 
one to be a binary, and the other two ternary, 

' 4th. When four combinations are observed, we should expect 
cme binary, two ternary, and one quaiemary, etc. 

<••«••• 

* 7th, The above rules and observations apply, when two com- 
pound bodies, such as C and D, D and £, etc., are combined.* 

These assumptions were clearly justifiable, since they led to 
deductions that could easily be tested by direct experiment. Should 
tW experimental results have been xmfavourable, it would of course 
linve been necessary to modify the assumptions made. 

vDax.ton*s method of applying his principles may best be under- 
stood by a consideration of some typical examples: 

that time water was the only compound of hydrogen 
and oxygen known. Hence, he says, we conclude * that water is 
compound of hydrogen and oxygen [Le. tim ultimate par- 
01 ’abater is composed of 6ne atom of hydaH^gen and one of 
oxyg^], and the relative weights of the two elementary atom^ are 
as X : 74 nearly *[1:7 since his analytical data gave this ratio as 
the ra;^ by weight of hydrogen to oxygen in water]. 


3f E, a ternary 
tf F, a quater- 
G, a quater- 
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Ammoma. — Ammonia was the sole cconpoimd of hydrogen and 
nitrogen known to Dalton, who thus regarded it, on his S3«tem, 
as a binary compound of the two elements; and since his analysis 
of the gas gave the ratio by weight of i hydrogen to approximately 
5 nitrogen, he concluded that the atomic weight of nitrogen was 5. 

Oxides of Nitrogen. — ^According to Dalton, the c(nnposition of 
the ultimate particles of the oxides of nitrogen was: 

Nitrous gas [NO]. Binary. One atom of nitrogen and 

one atom of oxygen. 

‘ Nitric acid ’ [NOJ. Ternary. One atom of nitrogen and 

two atoms of oxygen. 

Nitrous oxide [N, 0 ]. Ternary. Two atoms of nitrogen and 

one atom of oxygen. 

‘ Nitrous acid ' [NjO,]. A compound of ‘ nitric acid ’ and 

nitrous gas. 

■ Oxsmitric acid ' [NgOJ. A compound of ‘ nitric acid ’ and 

oxygen. 

Oxides of Carbon. — These have already been mentioned (p. 44^. 
Dalton considered carbonic oxide [CO] to be binary and carbonic 
add [COJ ternary. By quantitative analysis it was thus easy to 
arrive at the relative weights of the oxygen and carbon atoms. 

Working in this way, Dalton was able to extend his list of 
relative weights of the ultimate particles of dements; and it is 
important to note that he made what was then the by no means 
self-evident assumption that the weight of a ‘ compound atom ' 
is equal to the sum of the weights of the elementary atoms composing 
it. The idea that heat was a material substance (‘ caloric '} was 
still hdd, and Dalton’s tadt neglect of the heat evolved or absorbed 
in chemical reactions, as far as any possible change in weight was 
concerned, is a noteworthy feature of his method. 

Dalton’s improved and lengthened list of the relative weights 
of ultimate partides, as given at the end of the New System, Part I 
{2nd edition, 1842), is as follows: 


Hydrogen 

. 1 

Strontites [SnCO»]. 

4b 

Arote . 

3 

Barytes [BaSOj] . 

68 

Carbone 

5 

Iron . 

38 

Oxygen 

• 7 

Zinc . 

56 

Phosphorus .• 

9 

Copper . 

56 

Sulphur 

• 13 

Lead . . < . 

95 

Hagpiesia 

. 20 

Silver . . 

zoo 

Lime . 

. 23 

Platina « , 

zoo 

Soda . « 

. 28 

Gold . . , 

Z40 


• 42 

Macury , 

Z67 
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A glance at the table on p. 47 will show that Dalton's values are 
in many cases very different from those accepted at the present 
day. This is partly due to inaccurate analysis, but a little con- 
sideration will make it apparent that the real difficulty lay in the 
fact that Dalton had no conclusive means of arriving at the number 
of atoms in the ultimate particle of any compound. Thus he assumed, 
in the absence of evidence to the contrary, that the ultimate particle 
of water contains only i atom of hydrogen and i of oxygen, 
and hence obtained, by deduction from the dala supplied by 
quantitative analysis, the number 7 [accurate value, of course, 8] 
for the atomic weight of oxygen. It is, however, obvious that if 
the ultimate particle of water consists of 2 atoms of hydrogen 
and I of oxygen, then the atomic weight of the latfer will be 14, 
while if it consists of 3, 4, 5, etc., atoms of hydrogen an^ i of oxygen, 
the atomic weight of oxygen must be 21, 28, 35, etc. In the same 
way, by regarding the ultimate particle of ammonia to consist 
of I atom of hydrogen and i of nitrogen, Dalton obtained * about 
5 ' for the atomic weight of nitrogen, instead of the modern value 
14 — which is based upon the fact that i molecule or ultimate 
particle of ammonia consists of i atom of nitrogen combined with 
not I but 3 atoms of hydrogen. 

This lack of knowle^e of the number of atoms in the ultimate 
particle of a compound was a serious hindrance to the development 
of the theory. Dalton himself was fully alive to the difficulty, 
and even bs late as 1827 expresses himself as quite frankly dis- 
satisfied with the position. ' The second object of the atomic 
theory,' he writes, ' namely, that of investigating the number of 
atoms in the respective compounds, appears to me to have been 
little understood, even by some who have undertaken to expound 
the principles of the theory. 

‘ "^en two bodies, A and B, combine in multiple proportions; 
for instance, 10 parts of A combined with 7 of B to form one 
compound, and with 14 to form another, we are directed by some 
authors to take the smallest combining proportion of one body as 
repre^ntative of the elementary particle or atom of that body. 
Now it must be obvious to any one of common reflection, that such 
a rule will be more frequently wrong than right. For, by the above 
Tttle,^we must consider the first of the combinations as containing 
t atom of B and the second as containing 2 atoms of B, with 
I atom or more of A ; whereas it is equally probable by the same 
Me that the compounds may be 2 atoms of A to i of B, and 1 
atom <rf A to I of B respectively; for, the i«roportioas bciag to A 
to y B (or, which is the same ratio, 20 A to 14 B) and 10 A to 14 B, 
it IS Clear by the rule, that when the numbers are thus stated, we 
must consider the former combination as composed of 2 atoms of 
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A, and the latter of i atom of A, united to i 01 more of B. Thus 
there would be an equal chance for right or wrong. But it is 
possible that 10 of A, and 7 of B, may correspond to i atom A, and 
2 atoms B ; and then 10 of A, and 14 of B, must represent i atom 
A, and 4 atoms B, Thus it appears the rule will be more frequently 
wrong than right. It is necessary not only to consider the combina- 
tion of A with B, but also those of A with C, D, E, . . . before we 
can have good reason to be satisfied with our determinations as 
to the number of atoms which enter into the various compounds. 
Elements [com^unds] formed of azote [nitrogen] and oxygen 
appear to contain portions of oxygen, as the numbers i, 2, 3, 4, 5 
successively, so as to make it highly improbable that the combina- 
tions can be effected in any other than one of two ways. But in 
deciding which of those two we ought to adopt, we have to examine 
not only the compositions and decompositions of the several 
compounds of these two elements, but also compounds which eadi 
of them forms with other bodies. I have spent much time and 
labour upon these compounds, and upon others of the primary 
elements, carbon, hydrogen, ox3rgen, and azote, which appear to 
me to be of the greatest importance in the atomic system; but it 
will be seen that I am not satisfied on this head, either by my own 
labour or that of others, chiefly through want of an accurate 
knowledge of combining proportions.' 

How this difficulty was at length overcome we shall learn in a 
moment. We may, however, first turn aside to see that the simple 
laws of chemical combination are all to be deduced from the atomic 
theory. In point of fact, they were discovered independently of 
it, and the fact that they were experimentally established afforded 
strong presumptive evidence in its favour. 

1. The Law of the Conservation of Matter , — This follows from the 
postulates that matter is composed of atoms and that atoms are 
indestructible and uncreatable. 

2. The Law of Constant Composition , — If all the ultimate particles 
of a given compound are identical, the compound must have an 
invariaMe composition. 

3. The Law of Multiple Proportions,.---Tbis follows from Dalton's 
assumption that when atoms of elements combine to form the 
ultimate particles of compounds, they do so in small whole 
numbers. 

Suppose, for example, that the elements A and B unite together 
to form two different compounds. The simplest ima^able case 
iriH be when in one of the compounds the ultimate particle consists 
of one atom of A and one of B, and in the other compotmd the 
ultjltuate particle consists of one atom of A and two oi B. Since, 
ui one ultimate particle of each of these two compounds there is 
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Q«ie*atom of A, it follows that the wdght of A is constant m the two 
ITje awights of B, on the other hand, will be in the 
ratio of the niunbers of atoms of B respectively present in the 
particles; in this instance. i«e 2 . This is a simple ratio, and if 
compounds are always composed of srmdl numbers of atoms, the 
ratio wiU always be a ratio of small numbers and therefore a 
simple one. 

^though Dalton never gave this law formal iression, there 
is no doubt whatever that he thoroughly underst it, and that it 
was, indeed, an important factor in the develop (t of the atomic 
theory (see p. 44). The law was completely establ led, for large 
numbers of compounds, by Berzelius (1779-1848).' 

4. The Law of Reciprocal Proportioris, also a logical deduction 
from the theory, states that if an element A combes with an 
element B and also, separately, with an element C, then if B and 
C also combine together, the proportion by we^^ht in which they 
do so will be simply related to the ratio of the weights of B and 
C which combine, separately of course, with a constant -weight 
of A. The necessity of this relation vdll be obvious when it is 
ronembered that Dalton postulated (a) that combination takes 
I^ace between small numbers of atoms, to form the ultimate 
particles of compounds, and (b) that all the atoms pf the same 
element are of exactly the same weight. Particular instances of 
the law were observed by Richter (1762-1807), but it was again 
Berzelius who thoroughly established it. 

A further debt that chemists owe to Berzelius is the introduction 
of the modem system of symbols, formulae and equations. Dalton's 
notation, consisting of circles with various kin^ of shading, etc., 
was clumsy, forbidding, and extremely liable to error; and its 
replacement by the simple scheme of Berzelius must be regarded 
as an important factor in the success of the atomic theory. 

Gsy-lASsac’s Law. — ^The first step towards the solution of 
Dalton’s difficulty in arriving at the number of atoms in the 
uhimate particle of a compound was taken by Gay-Lussac 
(^778-185^, wffio in 1808 enimdated his well-known law of the 
ccmbiiution of gases by volume, viz. that when gases react they 
so in volumes that bear a ample ratio to one another and to 
the volume of the product if that is. gaseous. 

This simple relation between Itbe volumes of reacting gases 
af^iea^ to have some underlymg sig^fiiance, and Berzelius 
tentatively advanced the hypothecs that equal vdmnes of gases 
contain equal numbers of atoms. As a matter of fact, Daltoi;!, in 
£he course of his reflections upon atmns^ }iad already take” 
idea into consid^ation, but had rejected it fer what we most regard 
w a perfectly Intimate reason. ' At the time I framed the be^ 
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of mixed gases/ he writes, * I had a confused idea, as many liive, 
I suppose, at this time, that the particles of elastic fluids are all of 
the same size; that a given volume of oxygen gas contains just as 
many particles as the same volume pf hy<kogenous , . . but • . . 
I became convinced that different gases have not their particles 
the same size/ 

The ground of his rejection of the hypothesis is as follows: ‘ It 
is evident that the number of ultimate particles ... in a given 
weight or volume of one gas is not the same as in another; for if 
equal measures of azotic [nitrogen] and oxygenous gases were 
mixed, and could be instantly united chemicaUy, they would form 
nearly two measures of nitrous gas [NO], having the same weight 
as the two original measures; but the number of ultimate particles 
could at most be one half of that before the union. No two elastic 
fluids, probably, therefore, have the same number of particles, 
either in the same volume or the same weight.' 

Dalton was, in fact, inclined to believe that Gay-Lussac's 
experimental figures were inaccurate, and that the simplicity of 
his ratios was a deceptive one. His own results led him to think 
that * gases do not unite in equal or exact measures in any one 
instance; when they appear to do so, it is owing to the inaccuracy 
of our experiments/ Gay-Lussac's results were, however, correct, 
and Dalton's were incorrect, so that the situation had reached 
an impasse. 

Avcigadzo. — How the atomic tteory was to be reconciled with 
Gay-Lussac's law could not be perceived by Dalton, simply and 
sddy because the idea of the indivisibility of the atom bad become 
an ^session with him. Thus, his biographer Henry tells us that, 
to clinch a certain argument, he remarked with an air of finality: 
' Thou knows it must be so, for no man can split an atom.* It 
remained for Avogadro (1776-1856) to show how the reconcilia- 
tion was to be effected, with no loss of honour or principle on 
either side, 

Avogadro's supreme contribution to chemistry was his sug- 
gestion that a distinction might reasonably be made between 
ultimate chemical particle of an element, the ' atom,' and the 
ultimate physical particle of a substance, the ' molecule.* While 
accepting the Daltonian indivisibility of the atom, he was able to 
visual!^ molecules of atomic dimensions which might or might 
not be divisib^ according as they consisted of more than one 
atom or of a single atom. 

In the light of this concepti<m, he was able to offer an attemative 
hypothesis (i&rr) in explanation of Gay-Lussac's law. ' Let us,' 
he sa^i / suppo^ that equal volumes of all gases— at the same 
temperature and pr^ure— contain equal numbts's of malecules/ 
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‘itetting out from this hypothesis/ he continues, ‘it will be 
seen that we have a means of determining very easily the relative 
masses of the molecules of compounds which can be obtained in the 
gaseous state, and the relative number of these molecules in com- 
pounds; for the ratios of the masses of the molecules are then the 
same as those of the densities of the different gases, at equal pressure 
and temperature, and the relative number of molecules in a com- 
pound is given directly by the ratio of the volumes of the gases 
that form it. For example, since the numbers i-io^sg and 0*07321 
express the densities of the two gases oxygen and hmn ►gen, taking 
that of atmospheric air as unity, and the ratio of these two numbers 
consequently represents the ratio between the mateses of equal 
volumes of these two gases, it will also express, on tne hypothesis 
suggested, the ratio of the masses of their molecule®. Thus the 
mass of the molecule of oxygen will be about fifteen nmes that of 
the molecule of hydrogen, or, more exactly, 15*074 times. Similarly, 
the mass of the molecule of nitrogen will be to that of hydrogen as 
0*96913 is to 0*07321, that is, 13 to i. or more exactly 13*238 to i. 
On the other hand, since we know that the ratio of the volumes of 
hydrogen to oxygen in the formation of water is 2 to i, it follows 
that water results from the union of each molecule of oxygen with 
two molecules of hydrogen. Similarly, according to Jhe propor- 
tions by volume established by M. Gay-Lussac in the elements of 
ammonia, oxide of nitrogen [nitrous oxide, NgO], nitrous gas [nitric 
oxide, NO] and nitric acid [nitrogen peroxide, NOJ, ammonia will 
result from the union of one molecule of nitrogen with three of 
hydrogen, oxide of nitrogen from one molecule of oxygen with two 
of nitrogen, nitrous gas from one molecule of nitrogen with 
one of oxygen, and nitric acid from one of nitrogen with two of 
03^en.' 

The observation that Dalton found an insuperable obstacle to 
the acceptance of Gay-Lussac's law, viz. that one volume of 
nitrogen, if combined with one volume of oxygen, yields two 
volumes of nitric oxide, receives a simple explanation in terms of 
AyooADRO's hypothesis. For if two volumes of nitric oxide are 
obtained from one volume of nitrogen and one volume of oxygen, 
t!b|jai the fdain fact is that each molecule of the last two gases 
must have been halved, and thus must consist of two atoms or of 
someliigh^ even^umber. 

With the clear distmction between atoms and molecules to 
a^ist them, chemists might have proceeded at once to the accurate 
and unequivocal determination of atomic and molecular weights, 
^ might thus have entered fully equipped upon the investigatfon 
of motecular architecture. Unhappily, Avogadro's brilliant sug- 
, gestion wks neglected for nearly fifty years, partly owing the the fact 
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that he published it in a somewhat obscure journal, but mainly 
because Dalton's authority in theoretical chemistry was supreme 
and unchallenged. As a result of this neglect of Avogadro, 
confusion and bewilderment concerning atomic weights made 
formulae futile, and structural chemistry a subject for bitter 
conflicts over questions that were inherently impossible to settle. 
So hopeless did the whole position seem by the middle of the century 
that in i860 a congress of chemists was summoned at Karlsruhe 
to consider the situation. Lothar Meyer, who was one of the 
members of the congress, relates that there he received a copy of 
a pamphlet by a yoimg Italian named Cannizzaro, and that on 
reading it he felt as though scales had been removed from his 
eves: doubt vanished and was replaced by a feeling of serene 
security. 

Cannizzaro's pamphlet, entitled Sketch of a Course of Chemical 
Philosophy, was in effect a masterly demonstration of the use of 
Avogadro's hypothesis in settling the vexed question of atomic 
and molecular weights. He showed that the hypothesis enabled 
the relative weights of molecules of gases to be determined by the 
purely physical process of comparing the weights of equal volumes 
of those gases; and he further pointed out that, assuming the 
molecule of hydrogen to be diatomic (since the molecule of hydrogen 
chloride contains half a molecule of hydrogen), the molecular 
weights of gaseous substances must be twice their density referred 
to hydrogen. 

‘ On the basis of the hypothesis [i.e. Avogadro's] cited above,' 
he says, * the weights of the molecules are proportional to the 
densities of the substances in the gaseous state. If we wish the 
densities of vapours to express the weights of the molecules, it is 
expedient to refer them all to the density of a simple gas taken 
as unity, rather than to the weight of a mixture of two gases such 
as air. 

‘ Hydrogen being the lightest gas, we may take it as the unit 
to which we refer the densities of other gaseous bodies, which in 
such a case express the weights of the molecules compared to the 
weight of the molecule of hydrogen=i, 

‘ Since I prefer to take as common unit for the weights of the 
molec^es and for their fractions, the weight of a half and not of 
a whole molecule of hydrogen, I therefore refer the densities of the 
various gaseous bodies to that of hydrogen=2. If the densities 
are referred to air=«i, it is sufiBcient to multiply by 14*438 to 
change them to those referred to that of hydrogens*!; aiui by 
28*87 them to the density of hydrogen*=2, 

* I write the two series of numbers, expressing these weights 
in the following manner: 
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Names oj Substances 

Densities or weights oJ 
one volume, the volume 
of Hydrogen being made 
«i, t.e. weights of the 
molecules referred to the 
weight of a whoh mole- 
cule of Hydrogen taken as 
unity 

Densities referred to that 
of Hydrogen *» 2, ie. 
weights of the molecules 
referred to the weight of 
half a molecule of Hydro- 
gen taken as unity 

Hydrogen 

I 

! 

Oxygen, ordinary 

16 


Oxygen, electrized 

64 

\ 128 

Sulphur below 1000® 

96 

\ 192 

Sulphur above 1000® 

32 

\ 64 

Chlorine 

35*5 

\ 71 

Bromine 

80 

\ 160 

Arsenic 

150 

\300 

Mercury 

100 

^00 

Water 

9 

18 

Hydrochloric acid 

18*25 

36*50 

Acetic acid 

30 

60 


‘ Whoever wishes to refer the densities to hydrogens i, and the 
weights of the molecules to the weight of half a molecule of hydrogen, 
can say that the weights of the molecules are all represented by 
the weight of two volumes. i 

" I myself, however, for simplicity of exposition, prefer to refer 
the densities to that of hydrogen=2, and so the weights of the 
molecules are all represented by the weight of one volume. 

‘ From the few examples contained in the table, I show that the 
same substance in its different allotropic states can have different 
molecular weights, without concealing the fact that the experimental 
data on which this conclusion is founded still require confirmation/ 
[AlemWc Club Reprints, No. i8, pp. 6-7.] 

Cannizzaro next proceeded to establish the conception of the 
atomic we^ht of an element as the smallest weight of the element 
contained in the molecular weight of any of its compounds. Thus 
be showed that the weights of carbon in the molecular weights of 
the following compounds were all either 12 or a simple multiple of 
whence he argued the atomic weight to be 12: 


Compound 

Molecular Weigki 

Weight of Carbon in 
Mmecular Weight 

Carbcmic oxide 
Carbcmic acid 
€albotl sulphide 
Mair^ gas 

Ethylene 

Profiyleiie 

Ether 1 

28 

44 

76 

Id 

a8 

42 

74 

12 

12 

12 

11 

12 X 2 

12 X 3 

12 X 4 
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Only a ycM after the congress of Karlsruhe, Kekol4 was using 
vapour-density methods for determining the molecular weights of 
organic compounds; the atomic weights of carbon, sulphur, and 
oxygen were accepted to be 12, 32, and x6 instead of 6, 16, and 8; 
and the way lay open to that u^ampered progress which marked 
tile latter h^ of the nineteenth centuty. Then at length Dalton’s 
atomic theory blazed into its fuU glory and rendered p^ble those 
amazing acquisitions of knowledge that were in due time to cause 
its own supersession. 

Condnaion. — ^The main thread 0! the history of chemistry has 
now been carried up to the point at which, in such a book as this, 
the principal facts of later development may be more conveniently 
considered under the appropriate headings in the main portion. 
We have seen how empirical facts can be correlated and vivified 
under the influence of h}q)othesis and theory, and we have learned 
to appraise justly the value of each. Facts without theory do not 
constitute a science; theory without facts is an encumbrance and 
valueless. At bottom, a theory is no more than a succinct explana- 
tion : a concise description of the unfamiliar in terms of the familiar. 
When the description is found to be inadequate it must be modified, 
if modification will again render it adequate; otherwise it has to 
be abandoned and replaced by a better. Imagination therefore 
plays an important role in the progress of science, for the perception 
of the familiar in the apparently unfamiliar is only to be achieved 
by imitative insight. Yet imaginatbn must be controlled by 
constant reference to fact, by instant appeal to the laboratory: 

‘ Let us learn to dream, gentlemen,’ said KEKULfe, ‘ then perhaps 
we shall learn the truth . . . but let us beware of publismng our 
dreams before they have been pot to the proof by the waking 
understanding.' The elixir, the phlogiston, the h3q)ostatical 
principle, the Daltonian atom, the ether, were all dreams that helped 
men in the eternal quest for truth, and have now passed into 
oblivion. We cannot doubt that the proton, the electron, and so 
forth are destined to suffer a similar doom, but history teaches 
us not to waste sentiment over the replacement of an outworn tool. 

If then, Socrates, amid the many opinions about the gods and the 
generation of the universe, we are not able to give notions wkkh m 
aUogether and in every respect exact and consi^ent with one another, 
do nU be surprised.- Enough, if we adduce one as probable as any 
offur. {Plato, Timaem.\ 
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PART II 


GENERAL AND THEORETICAL 




CHAPTER I 


ATOMS AND MOLECULES 

The classification of matter — Elements — ^Mixtures and compounds — Defini- 
tion of an element — Laws of quantitative chemistry — ^Dalton's atomic 
theory — Gay-Lussac's law of volumes — ^Avogadro's hypothesis— Exactitude 
of Avogadro's hypothesis — Atomic weights — Determination of atomic 
weights^ummary of atomic weight methods — ^Eudiometry — ^Molecular 
weights — ^Vapour-density determinations: Dumas' method, Hofmann's 
method, Victor Meyer^s method — Glass spring tensimeters — ^Valency — 
Equivalents — The gravimetric composition of water — Richards' atomic 
weight work — Actual weight of atoms — ^Later development of the atomic 
theory. 

The Classifleation of Uatter. — Chemistry is concerned with the com- 
position and behaviour of matter, and consequently with its 
classification. The simplest classification, into solids, liquids, and 
gases, more fully explored in the next chapter, though physical in 
^d, is of great sigiuficance for the chemist; but we shall first deal 
with a classification which led to the atomic theory of Dalton, and 
on which the whole structure of chemistry is based. ^ 

Elements.— The idea of a pure substance was only vaguely under- 
stood early in the history of the science, and was not putlinto any 
very definite form until the nineteenth century, but early chemists 
would probably have agreed that indistinguishable samples of the 
same sujbstance could ^ obtained from dmerent sources. Before 
separatkki into the pure constituents takes place the conglomeration 
is called a mixture, and rnixtmres may be separated into their 
parts by such means as sublimation, distillation, or cr3^tallizatioli. 
Many of •the pure substances thus isolated, which are perfectly 
homogeneous even under the microscope and which resist any 
attonpt to decompose them made by such methods, can be further 
split up by the use of chemical reactions, jdelding new pure sub- 
stances that may perhaps be attacked in. the same way; but a 
point will ultimatuy be reached at which further attempts at de- 
composition are frmtless. The resulting substance, which thus 
defies attempts to break it down into simpler substances, is called 
an diement. The miilti{^ty of substances which compose the earth 
and its atmosphere is now Imown to result from the mteroombina- 
tions ci about ninety dements, of which about ei|^t prepcmderate, 
IffcrtHww and (JoiiipoiiDds. — ^If an exhaustive stimy of a substance 
dMoses circumstances, that, when they undaigo continuo^ 

t The topics treated in the first few paragraphs of ihis cluster will be foand’ 
awie fnlly discussed in the Historical Introdnction. 
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variation, cause corresponding continuous variation in the compos- 
ition of the substance, then the material fails to qualify as a chemical 
compound, for which fixity of composition is to be taken as the 
most essential and fundamental property, A mixture of hydrogen 
chloride and water containing 20*22 per cent of the former boils 
under 760 mm. pressure constantly at no® C., and the condensate 
is found to have the same composition as the original liquid. Further, 
the liquid is an active acid, a property not poss«sed by either 
of its constituents when separate. Such behaviour would surest a 
compound, but when a further study showed than a continuous 
variation of the pressure occasioned not only a variation of boiling 
point, but also a continuous variation of the composition, it became 
dear that the liquid must be relegated to the category of mixtures 
(see p. 170). From aqueous solutions containing th?. salts potas- 
sium sulphate and ammonium sulphate in varying proportions, 
perfectly homogeneous crystals may be obtained, but with com- 
positions varying in correspondence with that of the solution. On 
the other hand, when for ammonium sulphate aluminium sulphate 
is substituted, the salt potash-alum, containing a constant pro- 
portion of the two sulphates, is obtained from solutions of widely 
varying composition. On these grounds we say that the first 
example is a typical mixture, while the second is usually regarded 
as a compound (a double salt, p. 197). The progress of chemistry 
has shown that we can no longer hope to distinguish mixtures from 
compounds by reference to ‘ physical ' as distinct from * chemical * 
methods of attack. Heat will melt ice, and boil the water produced, 
and both these effects would commonly be termed * physical ' 
changes. However, when the temperature is raised to the neigh- 
bourhood of 1000® C. the water undergoes the admittedly * chemical ' 
change of dissociation into hydrogen and oxygen. To many 
chemists our present knowledge of the constitution of ^ater sug- 
gests that its volatilization is quite as much a * chemical * as a 
' physical * change (see p. 103). Thus here the assignment of the 
same agency to phy^cal or chemical roles is arbitrary. While it is 
probably true that the heat (or energy) changes involved in the 
more videht comical actions are greater than those associated with 
so-'Called physical changes, and therefore that a large liberation of 
heat indicates prima facie a chemical change, a modem catalogue of 
h^t changes would hardly allow a general distinction to be drawn 
Ihit would be serviceable to distinguish the production of a mixture 
ipoth ttet of a compoimd. Even the rigorous criterion of fixity of 
ddmpc^tioti has suffered some relaxation rince the . discovery of 
.;potopic elements. Contrary to Dalton's bd^f, we now have proof 
the atoms of an element have not a coaistant sins^ wa^ht, but 
rather a range of weights, thus, for example, there are two chmi- 
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cally indistinguishable atoms of lead, the one of atomic weight 206,;, 
and the other 208; and therefore the composition of lead monoxide 
may vary between the proportions 206/16 and 208/16 of lead to 
oxygen respectively. 

Itefinition of an Element. — ^An element may be described as a 
substance which cannot by the ordinary methods of chemistry be 
decomposed into simpler substances. Since the beginning of the 
century this idea of an element has undergone modification. The 
former qualification, ‘ that has not yet been decomposed,' can now 
be dropped. It is quite true that many substances for long supposed 
to be elements were by the advance of chemical technique proved 
to be compounds, and when this was still possible such a qualifi- 
cation was very necessary. Since 1914, however, a criterion has 
been available (the X-ray spectrum, see p. 300) which allows us to 
decide beyond reasonable possibility of doubt whether a substance 
is an element or not, and we need consequently no longer adopt so 
diffident an attitude. 

With modem resources the following succession of break-down 
processes is typical of what may be achieved with a substance such 
as water: 

(1) Volatilization Room temperature 

(2) Dissociation to molecules of hy- 
drogen and oxygen Above 1000° C. 

(3) Dissociation of molecules into atoms Above 2000° C. 

(4) Fission of atoms into simpler 

particles Stellar temperatures. 

Were these changes to be accomplished by purely thermal agency 
the temperatures required .to secure a fair rate of change would be 
those indicated in the second column. In all the examples we might 
give of such a succession of decompositions there would be found an 
enormous^gap between the intensities of attack required for stages 
(3) and (4). The sun's energy is almost certainly derived from the 
(indirect) condensation of four hydrogen atoms into one of helium, 
and we may gather from this the sort of intensity required to effect 
the reverse change. It is therefore natural and convenient at the 
present to separate * ordinary ’ chemistry (corresponding to such 
changes as (i) to (3)) from what might well be termed ‘ stellar ' 
chmustry, which is concerned with the break-up of demratary 
atoms and the re-combination of the parts. While the term akm 
is no longer literally justified, it is still true that most atmns are 
unmdi^y more stable than the chemical compounds they fotm. 

LaiKi et %umtiiativ6 Oiemistry.— In the discussion of\ tte 
differences between a mixture and a compound the Law of CtmstaM 
Pmp 0 rUm$ has akeady been implicated. The discovery by Proust 
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1797 of this law— for some years a matter of controversy— was 
only r^e possible by the enunciation by Lavoisier of the Law of 
Conservation of Mass, which had served as a working generalization 
for chemists for many years previously, but first received definite 
confirmation from the experiments of the French chemist. 

The most refined verifications were carried out by Landolt 
(1893-1908) and by Manley (1912). Landolt placed the reagents 
in the limbs of a glass H-tube, and mixed them by inverting the 
apparatus. After various sources of error had beeii eliminated, no 
dmerence in weight to i part in 10,000,000 could be detected before 
and after the reaction took place. For the reaction llctween sodium 
sulphate and barium chloride in aqueous solution Manley verified 
the law to i part in 100,000,000. Modem theorylrequires that 
reactions in winch heat is given out should involve a s^ght decrease 
in mass, but the difference is far too small to be detected directly by 
any methods at the present available. Without the Law of Con- 
servation of Mass gravimetric analysis is impossible, since the 
latter alw^s depends on no matter being gained or lost. When 
once the Law of Constant Proportions was firmly established, 
analytical technique made great advances, and the Law of Midtiple 
Proportions and that of Reciprocal Proportions quickly followed. The 
former states that when two elements combine in more than one 
proportion (by weight), then these proportions bear a simple ratio 
to one another; the latter that the proportions in which two elements 
separately combine with a third dement are either in the ratio in 
winch those two dements themselves combine or dse in a simply 
rdated ratio. It was the consideration of these laws that i%i8o8 
afforded John Dalton support for the atomic theory whiA^ears 
his n^e and which made possible the development of modem 
chemistry. A logical attitude to the laws of constant, multiple, 
and redprocal proportions demands a definition of ch«mcal com- 
bination, and of a chemical compound, independent of%ie laws. 
We have ^en, however, that substances failing to exhibit constancy 
of composition are excluded from consideration as compounds. The 
I>roportions is thus in practice reduced to a titusm. 

Dwoii’s Atomic iSieozy* — ^The theory that matter consisted of 
discrete partides, based though it was rather on philosophical 
peculation than on experiment, had been a commonplace sinc^ 
tte of ancient Greece. Dalton himself seems to haV^ been 
cfcefly by the views of Newton. The gnat contiibutiwi 
es^tial ^ttress of his theoiy-xwas the aHifeation 
^gtatn^tnc relationshija to the problem of chemical opfnibina* 
cm^ed rf separate partidet «taM, then 
W»««ap^^ fr<m ^em most consist of ‘ compoimd 

iiipiiis of whidi ocmtained atoms of the ekunents from which 
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it was derived. Since the weights of the elements present in these ^ 
compound atoms were in a constant proportion, might not tWs 
proportion, in the simplest kind of compound atom (i.e. that of a 
binary compound), be simply the proportion of the weights of the 
atoms? If this were so, it was merely necessary to suppose that 
ah the atoms of the same element were equal in weight for the Law 
of Constant Proportions to receive a natural explanation. 

Dalton’s theory may be summarized as follows: 

(i) Elements consist of indestructible atoms, all the aloms of the 
same element being exactly equal in weight and alike in all other 
respects, 

(ii) Compound atoms are formed by the union of elementary aloms 
in simple numerical proportions; consequently the gravimetric 
composition of a compound is determined by the number of 
etemenlary atoms in the compound atom and by the alomic 
weights of the elements. 

The theory thus gave a satisfactory explanation of the Laws of 
Constant, Multiple, and Reciprocal Proportions; but at the end of 
the year 1808 Gay-Lussac published his Law of Volumes, and 
Dalton’s theory found itself in difficulties. 

Gay*>Lassao^8 Law of Volumes. — Gay-Lussac’s law, which was 
founded on his own researches, stated that the volumes in which 
gases combine bore a sifciple numerical relation to one another and 
to the volume of the pk»duct, if it were a gas, all volumes being 
measured at the same temperature and pressure. Gay-Lussac 
was to state his experimental results without attempting 

their &tffepretation in the fight of the new views of Dalton, but 
the connection tetween them could not fail to strike forcibly home 
to the chemMs of the time. Gay-Lussac had shown that when 
gases comi>ined their volumes were simply related, and Daltcm 
consideiw that the numbers of combining atoms were simply 
relatedi: it followed that there must be a simple relation between the 
etcnns equal volumes of the two gases. Let us sii|^ 
pose t|ds siqjyyle relation to be an equality, equal volumes of w 
gases imder smiilar conditions of temperature and {Assure 
taining the same numbers of atoms, and let us apply thishypotheshi 
to the tembinatioD of hydrogen and chlorine to f orm^ydrog^ ; 
dilOrkbs. Then since by experiment 
z fa^drogen+x v<ffii]pe chlorinea^z volumes^ hydipgdh 

d^&e, 

it lollop frcmi our h3qpotheris that ; > 

I atom hydrogen -f- 1 atom chlorine— 2 compound atoms hydrogen 
chicle. 

♦c 
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One compound atom of hydrogen chloride therefore contains only 
half an atom each of hydrogen and chlorine, which is contrary to 
Dalton’s doctrine of the indivisibility of atoms* Similar contradic- 
tions are encountered in all gaseous reactions in which the volume 
of the gaseous product is greater than the volume of any one of 
the reactants. 

The difficulty was a serious one, and Dalton probably had it in 
his mind when he denied the truth of Gay-Lussic's law. ‘ The 
truth is, I believe,* he wrote, ‘ that gases do not ifeiite in equal or 
exact measures in any one instance; when they appear to do so, it 
is owing to the inaccuracy of our experiments * (smp* 5^)- There 
the matter rested till i8ii, when Avogadro shewed how the 
opposing views could be reconciled. 

Avogadro’s Hypothesis.— (An account ot the dwelopment of 
the atomic and molecular theories will be found in the Historical 
Introduction.) Avogadro suggested that it was necessary to dis- 
tinguish between the particles of gases and the atoms, or units, 
which took part in chemical change. In the elementary gases the 
atoms might be combined into larger units which he called molecules, 
each molecule containing some fixed number of atoms, frequently 
two. Equal volumes oj all gases under the same conditions of tern- 
perature and pressure contained equal numbers of molecules 
fAvogadro's hypothesis). This idea circumvented the difficulty 
round in explaining the volume relations of hydrogen, chlorine, 
and hydrogen chloride, for if the molecules of hydrogen and chlorine 
each contained two atoms, and if one molecule of each gas combined 
to form two molecules of hydrogen chloride, then each molecule 
of the latter must contain one atom of each element: a satisfactory 
conclusion. Moreover some support was found for Avogadro’s 
hypothesis from the coefficients of thermal expansion of gases, 
wtuch under the same conditions of temperature and pressure are 
all equal; this shows that if the hypothesis be true at any tem- 
I^rature it must be true at all temperatures. Nevertheless this 
simple and ingenious supposition, which expired so much and 
against which no valid objection could be raised, had to ^t h«df 
a century for recognition. Dalton’s theory found an immediate 
if qualified acceptance, but Avogadro’s hypothesis, whi^ 

|0ald brihg it to its full usefulness, was genesr^fiy neglected, 
was strongly opposed by Dalton him^lf . The coniequences of ^s 
u^hct were most unfortunate for chemistry. From Jkitotf s 
th^ry alone it was impossible to deduce with aiiy c^ainty a 
rigrstem df atomic weights. Dalton worked on the prindirfe that 
when only one compound of two elements was known, it must be 
^^ed to be bmary; tso he wrote the formula te water HO 
(hydrogen peroxide being as yet undiscovered^ and this caused 
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error throughout the series. Confusion in the atomic weight table 
persisted right down to the time of Cannizzaro, to vmom the 
credit is due for finally securing general adherence to Avogadro's 
hypothesis in i860. Since that day many eminent chamists have 
insisted that the hypothesis was a hypothesis still, but it has been 
universally adopted for the calculation of atomic weights, and in 
conjunction with Dalton's theory is the corner-stone of modem 
chemical theory. Since the development of the kinetic theory of 
gases and the theory of gnomic number, independent methods of 
checking the hypothesis have been made available to science, and 
there is now no reasonable doubt that it gives a true picture of the 
facts. In particular, it has been found possible to calculate by 
several different methods the number of molecules in a gram- 
molecule of a gas at standard temperature and pressure 
(‘ Avogadro's Number '), and these calculations all agree within 
the degree of accuracy of the measurements. 

Ezactitade ol Avogadro’s Hypothesis.— Avogadro’s hypothesis is 
not, however, one of the few generalizations (such as the Law of 
Conservation of Mass) which are obeyed with an accuracy greater 
than that of the experimental methods available for testing them. 
It is clearly dependent on the gas laws, and these, in their simplest 
form, are known to be only approximately true. In accurate 
deductions from Avogadro's hypothesis these small variations 
must be taken into account, and for this reason the vapour-density 
method is seldom used for the determination of molecular weights 
with ^eat precision. It is, however, an almost indispensable 
pr^minary to the determination of atomic weights by purely 
gravimetric methods, and the connection between t& two processes 
must be briefly described: 


Atomic Weights 

The definition <A aUmit weight must first be discussed. The 
atomic weight of ah element was originally defined as the ratio 
the weight of an atom of that element to the weight of an atom 
,0f hydrogen. The atomic weight, defined in this way, is in fact 
hot a weight at a^ but a number. It was later pointed out that 
w|iile ohly aboi^ half the elements formed compounds with hydro* 
gen, ni^ly all formed compotmds with oxygen, and that many of 
these^ compounds were very suitable for analysis. The atomic 
of oxygen on the hydrogen standard (Hassi) is I5’87S; it 
was mer^ore agreed that 0 ^i 6 should be the ^andard: this 
n^ahes hydrc^en i*oo8« A further advantage of the change is 
that wiris oxygen as standard other atcmric wdghts api^roath mm 
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nearly to whole numbers than with a h3rdr(^en standard. This 
curious numerical relationship will be discussed in Chapter X. 
The choice of oxygen as a standard is complicated by the recent 
discovery that oxygen has isotopes (p. 321). If the pure isotope 
O” is taken as standard, the almost constant minute amounts of 
O” and 0 “ present in ' chemical ’ oxygen give the latter an 
apparent weight of 16*004: thus the difference between ‘ physical ' 
and ‘ chemical ' atomic weights is quite negligible iofr most purposes. 


Determination of Atomic Weight^ 

I. We will suppose that the atomic weight of su^ an element 
as carbon is to be measured. A volatile compound containing 
carbon and only one other element must be selected and its vapour 
density determined, that is, the density compared with hydrogen=i 
(at the same pressure and temperatmre). Methane will do very 
well; it is found to be eight times as dense as hydrogen. Since by 
Avogadro’s hypothesis equal volumes of hydrogen and methane 
contain the same number of molecules, and since the hydrogen 
molecule is supposed to contain two atoms, the moMcular weight 
of methane referred to H«z must be 16. The atomic weight of 
carbon caimot, however, be calculated from this result without 
a knowledge of the number of atoms of carbon and hydrogen in 
the methane molecule. Gravimetric analysis shows that the ratio 
of carbon to hydrogen by weight in methane is as 3 to z, or Z2 to 4, 
so the simplest view would be that the atomic weight of carbon 
was Z2 and the molecule of methane CH4. We are, however, by 
no means justified in adopting this result without fmiher inquiry, 
since the formula might equally well be C^H^, which would lead to 
an atomic weight of 6 for carbon; the atomic weight may indeed 
be Z2 or any simple fraction of Z2. but not more than Z2. To 
d«pide between the posable formulae we must analyse and find 
tlw density of other volatile carbon compounds, tabulating the 
results as follows: 


JMo/. wt. Carbon Mol. Wt. Carbon 


Methane . 

. x6 

12 

JO^haa monoxide 

28 

Z2 

Ethylene . 

. 28 

«4 

Carbon dioxide 

44 


Benzene 

» 78 

72 

Carbon disulphide 

76 

X 2 

Acetylene . 

• 26 

24 

Cyanogen 

5* 

*4 


£a no compound is it necessary to assume an atomic weight ol less 
than Z2 for carbon: we therefore provi»ona£y accept this value. 

a, DntONG and Petit’s Heat Law, thou|^ it attracted 

no great attaztion for some time aftm: its pubhcation (xSxq), was 
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extensively used in the second half of the past century for the 
calculation, or rather the correction, of atomic weights. The law 
states that for the solid elements the product of the specific heat 
and the atomic weight is a constant (usually a^ut 6). The 
following table gives an indication of the degree of exactitude of 
the law: 


Element 

Atomic 

Atomic Heat 

Element 

Atomic 

Atomic Heat 


Weight 

{20®-100®) 


Weight 

(20®~I00®) 

M 

27 

5^9 

Be 

9 

3 * 6 - 4-3 

P 

31 

6*2 

B 

10*8 

2 * 5 - 3*2 

S 

Cu 

32 

63-6 

5-7 

6*0 

C (graphite) 
(diamond) 

12 

12 

2*0-2*8 

I- 4 ~ 2*2 

Ag 

108 

6*1 

Si 

28 

47 - 5*4 

Pb 

207 

6-4 




Early opposition to the law was chiefly due to a conflict between 
atomic weights calculated from the law and those accepted at the 
time: later criticism has concentrated on the variation in the 



s;^e(^ b»ts of. the elemeats with temperature. Modem work at 
1 ^ temperatures has shown that the spe^c heats of all demeota 
tend to zero as a limit as the temperature is reduced to the abaidtite 
zero, but that at high temperatures (difierent fra each derueot) the 
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specific heat increases to a constant value in good agreement with 
the requirements of Dulong and Petit's law. The diagram (Fig. 2) 
shows the variation in the atomic heat (the specific heat at constant 
volume X the atomic weight) of lead, copper, and diamond between 
absolute zero and 400° Abs. The useful generalization of Dulong 
and Petit is no longer a scientific curiosity: it has received a 
satisfactory explanation on the basis of the quantum theory. 

In order to determine the approximate atomic weight of a solid 
element it is therefore only necessary to measure tlie specific heat 
in a temperature range over which it is constant and to divide 
this figure into 6*4. TWs gives only an approximate value. Rather 
greater accuracy can be obtained by calculating the s^cific heat at 
constant volume by thermodynamical methods, and taking the 
atomic heat constant as 6*0. The exact figure must always be 
obtained by gravimetric analysis; in short, Dulong and Petit's law 
helps us to interpret the results of the analysis. 

3. It is usually possible to come to conclusions about the atomicity 
of a gas (the number of atoms in the molecule) from measurements 
of the molecular heat at constant volume. For monatomic gases 
such as argon or mercury vapour this amounts to nearly 3 calories 
per gram-molecule, for diatomic gases the experimental values 
vary between about 47 and 6 calories, while for gas^ of higher 
atomicity the figures, though higher, are rather less constant. A 
physical interpretation of this relation can be given on the basis 
of the kinetic theory of gases (p. 100). 

An approximate atomic weight for such an element as nitrogen 
can therefore be calculated from measurements of the density and 
specific heat at constant volume of nitrogen gas, and this can be 
combined with the results of analysis of the nitrogenous compounds 
ammonia or nitric oxide. 

4. The method of chemical substitution is of interest because its 
results depend only on chemical methods and are independent of 
Avogadro's hypothesis. It may, however, easily lead to erroneous 
results, and in actual fact it appears never to have been used 
imtil the atomic weight had already been established by other 
methods. 

Carbon is again the best example. Gravimetric anal5^is of 
methane shows it to consist of 3 parts of carbon to i of hydrogen. 
If now methane is exposed to the action of chlorine four substances 
can be isolated (methyl chloride, dichloromethane, chloroform, and 
carbon tetrachloride), in which one-quarter, one-half, three-quarters, 
im 4 tte whole of the hydrcjgen originally present in the methane 
repl^ by cttoine. These imsporticms can be estab- 
Iwd ly gravunetric analysis. Since the hydrogen can be replaced 
m four four atoms of hydrt^ must be present in the mole- 
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cule: the carbon, however, cannot be fractionafly displaced, and 
is therefore present as a single atoip. The formula for methane thus 
being found to be CH4, the atomic weight of carbon must be 12, 

5. The atomic weight can be estimated within a few units by 
assigning to the element on the basis of its properties and the 
properties of its compounds its proper place in the Periodic Table 
(Chapter X). The atomic weight of the rare element indium was 
found in this way in combination with the results of analysis. 
This method is entirely independent of Avogadro’s h3rpothesis, 
and nowadays furnishes one of the strongest pieces of evidence of 
the truth of that hypothesis, but was naturally not available before 
the discovery of the Periodic Arrangement some eighty years ago. 
But long before this (in 1819) Mitscherlich discovered that 
compounds of similar but not identical composition crystallized 
in similar forms, and this phenomenon, which he named isomorphism, 
played some part in the original calculation of the atomic weights. 
Thus the chloride of the rare element rubidium is isomorphous with 
potassium chloride, and the molecule may therefore be expected 
to be of the same type: so that if potassium chloride is known to 
be KCl, then rubidium chloride is RbCl, and the atomic weight of 
rubidium can be calculated from the results of analysis. 

6. The atomic weight can be directly calculated from the results 
obtained with the mass-spectrograph (Chapter X). Recent im- 
provements in this instrument have greatly increased its accuracy, 
and it now rivals the analytical method for the determination of 
atomic weights. The results are independent of Avogadro's 
hypothesis, and give the true atomic weights, i.e. the atomic 
weights of the isotopes. If more than one isotope is present, then 
the relative proportions must be estimated before the ‘ chemical * 
atomic weight can be calculated; this is difficult, but accurate results 
have been achieved. 

Summary of Atomic Weight Mettiods. — We may summarize the 
available methods for the determination of atomic weights as 
follows: 


Method Experimental Data required 


1. 


2 . 


Vapour density and gravi- 
metric analysis of several 
compounds. 


Specific heat of the element. 
Gravimetric analysis of a com- 
pounds 


Law, Theory, or Hypothesis 
employed (in addition io Atomic 
Theory) 

Avogadro’s h3rpothe8i8. 


Dulong and Petit's law. 




Vapoinr density and specific 
heat at constant volume of 
gaseous element : gravimetric 
analysis of a compc^und. 


Kinetic theory of gases. 
Avogadro's hypothesis. 
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Law, Thewy^ or HypofhesU 
Method Experimental Data required employed (in addition to Atomic 

Theory) 

Gravimetric analjrsis of com- 
pound and of substitution- Doubtful train of reasoning, 
products. 

5. study of properties of elemeut ) periodic law. 
and its compounds. j 


6 . . 


Discovery of isomorphous com- 
pounds. 

Mass spectrum. 


Law of ison phism. 

Fundamental\ laws of motion 
and electriqty. 


y. — Gravimetric analysis of gases is Ifreqnently a 
matter of great difficulty, but this process may be replaced by a 
volumetric study of suitable gas-reactions combined with Avogadro's 
hypothesis. Thus when equal volumes of hydrogen and chlorine 
combine there is scarcely any change in the volume of the system, 
and if hydrogen and chlorine can be shown to be diatomic — as 
they are — ^it follows immediately that the molecule of hydrogen 
chloride is HCl. The atomic weight of chlorine can then be accurately 
determined by gravimetric analysis of hydrogen chloride. The 
commonest example of this process is furnished by leudiometry, 
which can be used for any gas that forms an explosive mixture 
with oxygen. A eudiometer is simply a graduated barometer 
tube fitted at the top with a spark-gap between two platinum 
wires sealed through the glass. The gases to be studied are admitted 
separately while the tube is filled with mercury, and their volumes 
are measmred and duly corrected for pressure and temperature. 
Reaction is then brought about by passing a spark, and when the 
resulting gas mixture has cooled its volume also is measured* The 
method is frequently applied to gaseous hydrocarbons, and it 
is then important to know what proportion of the products 
of combustion is carbon dioxide. This can be ascertained by 
passing a little concentrated potash solution up the tube, thus 
absortung the carbon dioxide while leaving the other gases un- 
changed. Unless the eudiometer is surrounded by a vapouisjacket, 
the water produced by the combustion of substances containing 
hydr^en will be condensed to jt liquid, whose vapour-pressure 
must, however, be allowed for, even if its volume is n egl igible in 
^tcmparison with that of the gases. 

.T^ principle of the instrummt may be made delil by the 
itmowing example, an experim^t to determine the foiixaM^ of the 
gaseo^ hydrocarbon methane. Ail volumes have^lAa reduced 
t0NwT,P. 

^*0. of methane an 4 4^*2 c.c. of oxygen were introduced 
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into the eudiometer and a spark was passed, the methane bdn£ 
oxidized to carbon dioxide and water according to the equation 

C.H,+(*+^)0,*=*C0,+^H*0. 

4 2 

The vcdtune of the carbon dioxide produced and of the unused 
oxygen amounted in all to 24'5 c.c., the water l»ing present as a 
liquid and the whole of the methane having been consumed. The 
carbon dioxide was absorbed by potash and the residual oxwen 
was found to occupy a vcdume of 8-8 c.c,, that of the carbon dionde 
having been therefore 24-5— 8-8=i57 c.c., that is, equal to the 
original volume of the methane. It follows that x—i, and since 
the volume of oxygen consumed, 40*2— 8-8=3l-4 c.c., was twice 

the original volume of methane, x+^=2, or y=4. The formula 

4 

of methane is therefore CH 4 . 


Molecular Weights 

The methods for the determination of the molecular weight of a 
substance may be divided into two classes: 

(i) Measurements of the vafour density. 

(ii) Measurements of the molecular weight in solution, based on the 
properties such as vapour pressure, freezing- and boiling- 
points which are related to the osmotic pressure of tte 
solution. These are discussed in Chapter IV. 

Not all compounds can be vaporized at a temperature low enough 
to make determinations -by the first method possible, but it should 
be clearly understood that the two methods do not alwa3rs measure 
the same thing, as the molecular weight in solution may not be the 
same — and for a large class of substances is not the same — as the 
molecular weight in the vapour phase (see Chapter IV). It is 
also dangerous to assume that the molecular weight in the vapour 
phase lexaresponds with the simplest possible formula, ^ce bofb 
association into double or more complicated molecu^ and dis- 
sociation into other compounds or into atoms are possibilities to 
be lednmed with. As to the molecular weight in the solid state, 
it has not been possible to investigate it at all until recoit years, 
and our knowledge of the subject is still far ^m gmieraL Tixb 
molecular weight of pore liquids is also a s^ect on which 
ptedse formation w available. These subjects are dis c uss e d A 
the next duqpter. ' >. 

Tapoia-DeiMtty Deteeininirtion».—Apart frmn researches of hig^., 
predsiim. in which special methods are always used, thme are three 
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methods commonly employed in the laboratory to measure the 
density of a vapour. The object of all these methods is to measure 
the volume of a known mass of vapour at a known temperature 
and pressure. 

I. Dumas* Method,— A small -quantity of the liquid is introduced 
into a weighed glass bulb, drawn out at one end into a long thin- 

walled capillary tube (Fig. 3). The 
bulb is then placed in a thermostat 

_ ' Zy L p at a temperature hkh enough to 

. -I * make the liquid boil ’sfcorously. At 

y high temperatures^ constant- 

/ /- p temperature air bath kan be substi- 

-inr ZS/ n ^ tuted for the thermostat. As soon 

"LI/ m % as aU the liquid in tne bulb heis 

— / lL - p stat vaporized, that is, as soon as vapour 

irrs. / p ceases to stream from the bulb, the 

y / ^ capillary tube is sealed off, and the 

Hn Z ^ bulb is cooled and weighed. The 

volume occupied by the vapour is 
then found by opening the tip of 
Fig. 3. Vapour Density by the capiUary tube under water free 
Dumas* Method from dissolved air and 'sleighing the 

bulb with the water which rushes 
into it, but if this water does not fill the bulb, not all the air was 
expelled from it during ebullition, and the experiment must be 
repeated. The calculation offers no difficulty, and will be made clear 
by an example. 

An experiment was carried out with benzene at 100®, and it 
was found that at this temperature, and at a barometric pressure 
of 754 mm., 1157 c-c. of benzene vapour weighed 0*293 gm., all 
weights having been reduced to vacuum. The density of benzene 

vapour at N.T.P. is therefore 0:^93 Xiooox 760 X (273+100) 

3^157X754X^^73 

-3-507 gm. per litre. But the density of hydrogen at N.T.P. is 
0*0899 gm, per litre, so the vapour density of benzene (H=i) is 

-—^5*39. Since the molecular weight of hydrogen is 2, the 

molecular weight of benzene is 2 x”39=78. 

2* Hofmann s Method,— In this method a known weight of a 
yv^tile liquid, enclosed in a small bulb which it must fill completdy, 
^mtoduced into the vacuum above the mercury in a barometer. 
Tte tomneter tube is usually enclosed in a steam-jacket (Fig. 4), 
rad ti« bmb is allowed to float up to the surface of the mercury, 
wtom tile mtemal pressure is sufficient to expel ate stopper. The 
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baxometer tube is graduated from the top, and when the mercury 
is steady the volume, temperature, and pressure of the vapour 
can be read. 

3. Victor Meyer* s Method , — la this method we measure the 
volume of air displaced by a known weight of a volatile liquid in 
vaporizing. Various devices can be used to measure th^ volume at 
atmospheric pressure, perhaps the best being that shown in the 



Fig. 4. Vapour 1 

Density by Hof- Fig. 5. Vapour Density by Victor Meyer's 

MANN'S Method Method 


diagram (Fig. 5). The weighed bulb is placed on the movable 
support in the top of the apparatus, the bung is inserted, and the 
mercury levied in the two tubes while the liquid in the vapour- 
jacket is boiled briskly. When the mercury levels are steady the 
bulb is allowed to fall to the bottom of the tube, where the contents 
are vaporized, the base of the tube being protected by an asbestos 
pad. The mercury is again levelled, and the volume of air dis- 
placed is read at room temperature and pressure. The volume 
actually measured is the volume the vapour would have at tl^ 
temperature of the room, since we are entitled to assume that it 
has the same coefficient of expansion as the air that it displaces, and 
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the increase in volume of the gas in the apparatus takes place in the 
colder part of it. 

Example: 

0'i743 gm. of carbon tetrachloride was vaporized (in a steam- 
jacket), and the volume of air displaced was 267 c.c. The tempera- 
ture of the tubes containing mercury was 12®, and atmospheric 
pressure was 748 mm. The volume of the carbon tetrachloride 

vapour at N.T.P. was therefore c.c..^d the weight 

of a litre of the vapour at N.T.P. is 
0’i743 X 1000 X (2734-12) X 760 
267x273x748 g“-= 6-923 gm. 

But a litre of hydrogen at N.'t.P. weighs 
0-0899 gm., so the vapour density of carbon 




Ta tetrachloride (H=i) is 


6-923 


pump 


Manometer 


’ 0-0899 * 

molecular weight of carbon tetrachloride is 
therefore 2 x 77=154. 

u In Victor Meyer's apparatus Jthe vapour 

I of the substance under exariiination is 

I diluted with air. The molecular weight of 

I I certain subst^ces (p. 414) will be affected 

U by this dilution, and for such substances 

W the methods of Dumas and Hoffnann are to 

be preferred. Apart ffom this possibility 
of association or dissociation of the vapour, 
the method of Victor Meyer, though rapid 
and convenient, does not give results of a 
high order of accuracy. 

Spring T«udinetM».--For modem 
precise determinations a glass spring tensi- 
meter is commonly used (Fig, 6). A weighed 
of the substance is introduced into 
the bmb A, the air is exhausted, and the 
tube B sealed up. A is connected to a glass 
membrane.£ attached to a pointer D, which 
soHtttm« carries a small mirror, so that 
movements can be detected by 

*rn2n2Jr voltoBe must be measure hi a seuazate 

lapoiiaart, » raised to a constant and accurately known tem^- 



6. Glass Spring 
Trnsimetrr 
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ture. Any difference of pressure between the inside and outside of 
the glass spring causes the glass to bend and the pointer to move. 
The pump is therefore worked until the pointer is brought back to 
the position corresponding with zero pressure difference, and tl^ 
external pressure (which must now be equal to the internal pressure) 
read off on the manometer. The mass, volume, temperature, and 
pressure of the vapour are then all known. 

The membrane is sometimes replaced by a spiral tube of elliptical 
section, which tends to uncoil when the internal pressure is in- 
creased. With a quartz apparatus the measurements can be 
carried above the melting-point of glass. 

Valraiesr. — Since different atoms combine with different numbers 
of hydrogen atoms, a term is needed to express this number. It is 
called the valency, and may be defined as the number of hydrogen 
atoms which combine with an atom of the element. This definition 
embodies a true conception of valency as representing the extent to 
which combining power may be subdivided, but is incomplete, and 
in particular failfe to cover such examples as SHg and SF^ in which 
the univalent element fluorine evokes in sulphur a higher valency 
than hydrogen does. A discussion of valency will be found in 
Chapter XI. 


Equivalents 

The equivalent of an element is the number of units of weight of 
it which will combine with or replace one of the same units of weight 
of hydrogen. This definition is based on the hydrogen standard 
of atomic weights; on the oxygen standard the equivalent is the 
number of units of weight wMch will combine with or replace 
8 units of weight of oxygen. From this definition it is easy 
to see that the equivalent is equal to the atomic weight divided 
by a small integer, which will frequently be equal to the valency, but 
is not necessary so; a consideration of the stable compounds^ 
ammonia NH 3 , nitrous oxide Nj|0, and nitric oxide NO, will 
illustrate this matter. 

ISie fiiAvinifliric Cknnposition ol Water.— The direct detennmation 
of the combining weights of oxygen and hydrogen is a matter 
requiring the highest experiment^ skill, since tM weight of afl 
gases, and especiaHy of hydrogen, is so small in comparison with 
that of the v^sd containing them. The determinations of Morley 
( 1895) have dnce become classical. Morley weighed the water 
obtained 1^ the combination of a known weight of hydrogen and 
oicygdi; 'Hie combustion took place in a glass apparatus (Fig, 7) 
ndnra could be wdghed on the balance. The carefully dried and 
purified gases were contained in large weighed globes, and were ad- 
mitted to the central tube through platinum jets. During the 
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combiistion an excess of oxygen was maintained, and the hydro- 
gen, ignited by a spark between the sealed-in platinum wires, burned 
quietly at the jet while the apparatus was cooled to condense the 
water produced. Finally the apparatus was cooled in k freezing- 
mixture while the residual gas was pumped off, analysed, and 
weighed. Any water-vapour carried by the issuing gas was retained 

by the phosphoric oxide 
through which it had to pass. 
After the removal of the gas 
the apparatus was weighed, 
and the weight oi water calcu- 
lated by different. A check 
on the results is provided by 
the total weight oT( the hydro- 
gen and oxygen consumed, 
since this must be equal, 
within the experimental error, 
to the weight of the water 
produced. The result of the 
experiments was a value 
7*9396 for the eqr^ivalent of 
oxygen. ^ 

The equivalent of any 
other element can be calcu- 
lated directly from the results 
of the gravimetric analysis 
of its oxide or hydride. If 
the analysis of these com- 
pounds is inconvenient, any 
others may be used provided 
that they contain, in addition 
to the element whose equiva- 
lent is to be determined, only 
elements whose equivalents 
are already known. An example from the work of Richards will 
make this clear. Richards, who was Professor of Chemistry at 
Harvard University, carried the ^ecision of chemical analysis to 
a point 4)reyiously unknown, and mjL crowded life determined the 
atomic weights of nearly all the important elements. In one 
wdl-known series of experiments he found that 100*000 gm. of 
purest silver yielded 132*867 gm. of silver chloride, which 
t^r^ore contained 32*867 gm* of chlorine. Since the equival^t 
of salver was found from other experiments to be 107*920, the 

equivalent of diloriae was $^ 867 XJ^^« 35 • 470 . It was also 
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known that both silver and chlorine are univalent, so these numbers, 
107-920 and 35-470, represented their atomic weights as well as their 
equivalents. 

Bicbards’ Atomic Weight Work. — ^A brief account of one of 
Richards* atomic weight determinations is given in the section 
on nitrogen (p. 425), A fascinating summary of his life and work 
will be found in the Richards Memorial Lecture (printed in the 
Journal of the Chemical Spciety, 1930), and every student should 
read, if possible, his short essay on Methods used in Precise Chemical 
Investigations, into which he condensed the experience of a lifetime of 
successful research. A few leading principles may be mentioned here. 

He begins by emphasizing the importance of measuring atomic 
weights with the utmost attainable accuracy. No better example 
of this can be given than the slight variation from unity of the 
atomic weight of hydrogen (i-oo8o) on the oxygen standard; this 
variation has been made the starting-point for most important 
deductions as to the nature of the atomic nucleus (Chapter X). 
The choice of material for an atomic weight determination must 
be governed by the following considerations: 

(i) The compound selected must be capable of preparation in 
a state of great purity. 

(ii) The other elements contained in it must be of known 
atomic weight. 

(iii) It must be capable of exact analysis or synthesis without 
loss of materi^. 

Of b31 the difficulties of such work, that of purity is perhaps the 
most insistent. Solids separating from the vapour phase or from 
a solution sdways carry with them some part of any impurity which 
may be present, and the effort to overcome this effect led lUchards 
to some of his most important improvements in method: 

(i) The use of a centrifuge or whirling machine to free crystals 
from mother liquor. 

(ii) The study of occlusion, that is, the tendency of precipitates 
to carry down with them other substances present in solution. 
Even hard, shining crystals of electrolytically precipitated 
^yer were found to contain solution enmeshed within 
invisible cavities in the solid. 

(iii) The bottling apparatus (illustrated bn p. 426), in which 
substances can be heated in any desired gas or in a vacuum, 
and weighed without exposure to the air. 

The solubility of all so-called * insoluble ’ substances in contact 
snth the solutions must be carefully studied. Glass is not 00m- 
pletely unaffected by water, and this led to the presence of sili^ 
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ki most of the preparations of previous workers; Richards used 
vessels made from platinum or fused quartz. If such a substance 
» sflv« chloride is to he precijatated, its solubility in water must 
be estimated and allowed for; for this purpose Richards developed 
the nephelometer (p. 427). Traces of solid are easily carn^ 
away when solutions are evaporated to dryness, and to avoid this 
loss the conditions of evaporation must be carefully devised and 
controlled by blank experiments. Subkances must be protected 
from dust by the use of hoods and enclosed vessels, and heating 
by coal-gas, which leads to contamination by im^ties present 
m the gas, must be replaced by electrical heatingT ' Every sub- 
stance must be assumed to be impure, every reakion must be 
assumed to be mcomplete, every method of measurement must 
be assumed to contain some constant error, until Woof to the 
contrary c^ be obtained. As Uttle as possible must be taken 
for granted. 

Act^ W^ht of Atoms.— To calculate the true weight of an 
atom froin the atomic weight we require to know the weight of an 
atoin of hydrogen, or alternatively a knowledge of Avogadro's 
nuinber N will do as well. This constant has been ra1r»lat«.4 by a 
;^ety of physical methods into which we cannot (enter here. 
The reniarkable concordance of the results is shown very strikinglv 
m the table. ® 


Phenomenon observed 
Brownian movement: 

Distribution of particles (1909) . 

Diffusion of particles (1912) . 

Black body spectrum (1900) 
Radioactivity {counting particles. 1908) 
Electronic charge (1910) • 

Crystal structure (1922) 


N X io"‘»* 


6*09 

6*08 

6*03 

6*04 

6-03 

6 * 02 , 


“easements included under the heading 
will found in Chapter IX. The best valul 
^ ^ ® gram-molecule of hydrogen 

rf file Atonic Thcoiy.— in the face of the 
im the atomic structure of matter summarized in this 
theory involving a ermtinuous structure 
JWMK^tw widd now^ays reemW seiio^ There are. 

p***ver, two tenets of the atomic thennr 


I. — — .T~ ‘n.in/w lu^cpvion. mere are. 

TOwever, two tenets of the atomic theory, «»«anmonly accepted 

mtury, fca* which we a$ yet adduced no 


we have as yet adduced no 
aS *** mdestmetibie and that 

<rf the tame element have the ^ime wd^t. The first 
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doctrine was shown to be untrue by the development of the theory 
of radioactive disintegration, the second was disproved by Aston 
with the help of the mass-spectograph. Xlie consequences of this 
development are further discussed under the heading of isotopes, 
p. 312. 
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THE STRUCTURE OF MATTER 

Solids, liquids, and gases: Solids — Crystals and undercooledlliquids— Crystal 
angles — Internal structure of crystals — Laue's experiment — Ionization in 
ctystals — Methods of structural analysis — Crystal stnictures — Ionic 
diameters — ^Liquid ci^tals. Gases — Kinetic theory of gas® — Distribution 
of molecular velocities — Kinetic theory and the gas laws— Imperfect 
gases — Liquefaction of gases — Diffusion — Dalton’s law of partial pressures 
— Thermal conductivity — Specific heats — Viscosity. Liquids — Pure 
liquids— Molecular weight and association — ^The parachor — Characteristics 
of associated liquids — Films of polar molecules 

Solids, Liaoids, and Gases.— In this chapter we shall consider 
the solid, liquid, and gaseous states of matter from the point of 
view of structure rather than of chemical behaviour. Though 
most of the experiments on which our knowledge of ^his part of 
science is based have been made by physicists, an atquaintance 
with their results is of the highest importance to chemists, upon 
many of whose problems they have cast new light. We saw in 
the previous chapter how essential a part the study of gases played 
in the beginnings of the atomic and molecular theories. This 
study has been pursued continuously since the eighteenth century 
and is stih yielding valuable results, but the peculiar contribution 
oi the present century to these theories, apart from the phenomena 
of radioactivity, has been derived from the study of crystalline 
solids. Compared with our knowledge of gases and soUds, our 
ideas of the liquid state are still very vague, and progress is still 
slow. In the solid the atoms or molecules are held strictly in 
position by the cohesive forces between them, and the consequent 
regular arrangement can be observed. In gases the molecules are 
separated by distances over which the attractive forces are scarcely 
operative, but the number of molecules is so great that the complete 
disorder in which they move can be investigated with high accuracy 
by statistical method. In liquids, on the other band, the cohesive 
fences are insufftciently strong to maintain a regular arrangement 
ci molecules in the interior of the substance, but are strong enough 
to prevent any rapid escape of molecules from the surface. Our 
^^lan^ of the laws that govern these cohesive hnrees has left us 
<fety mtmh in the dark as to the nature of the liquid state, though 
of surface phenomena we now Imve some s^t knovriedge. 
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Solids 

Crystals and Undercooled liquids. — The large majority ot solids, 
whether natural or artificial, are definitely crystalline: that is to 
say, they are either of regular shape or can be resolved into smaller 
(if necessary, microscopic) particles of regular shape. Such sub- 
stances as glass or resin which show no regular structure are not 
true solids, but undercooled liquids; that is, liquids in course of 
crystallization so slow that over ordinary periods of time it cannot 
be observed. The condition of an undercooled liquid is then, strictly 
speaking, unstable, and is liable to change spontaneously into the 
crystalline condition. This is well seen in old soda glass, which on 
strong heating sometimes ‘ devitrifies,' and in a few seconds becomes 
a mass of small crystals no longer fluid at that temperature. 


Calcium carbonate 
('Aragonito),CaC 03 



Crystal Angles. — ^The study of crystals is as old as the study of 
science, and ioi many years we have been in possession of accurate 
measurements of the regular shapes in which crystalline substances 
occur. Natural crystals are seldom perfectly regular, but by 
cleavage or splitting they can be reduced to perfect forms of the 
same shape though not necessarily of the same size. The diagram 
(Fig. 8) shows some perfect crystals. The same chemical individual 
alwas^ crystallizes in the same shapes, the majority having only 
one crystalline form, others two 
or more. Crystalline form is not 
examined by measuring the lengths 
of the edges, but by measuring the 

angles between the faces; in this ^ ~ r i 

way a description of the form of the ' rystm 

crystal can be given which is quite „ ^ ^ 

of ^ Qootometbk 

The instrument with which the angles are measured is called 
a g»itiomgter. In the did or contact form of the instrun»nt the 
oystal was held between a rigid plate and a rotating arm moving 




82 THEORETICAL^ AND INORGANIC CHEMISTRY 

over a scale graduated in degrees. In modem instruments we 
measure the angle through which the crystal must be turned to 
bring into a telescope the same ray of light reflected from the faces 
in turn. By a succession of such measurements the angles between 
all the faces can be found. These angles are the same for similar 
crystals of the same substance, but it is usually more convenient 
to record the ratios of the intwcepts which planes/parMlel to the 
faces would make on three axes in space. Axes us^y taken 
parallel to three prominent edges of the crystal; py need not be 

at right i pgles, but they 
must me at a point. 
In the ram (Fig. lo) 
OX, OY, ^d OZ have 
been taken' as axes, and 
a plane has been dmwn 
making intercepts OA, 
OB, and OC on these 
axes. If the plane DEF, 
making intercepts OD, 
OE, and OF, is parallel 
to the plape ABC, it 
follows from simple geo- 
metry that the ratio 
OA : OB ; OC is equal to 
the ratio OD : OE : OF. 
Further, the ratio can 
be simplified by making any one of the intercepts equal to unity 
and altering the others in proportion. Since similarity of crys- 
talline form means neither more nor less than parallelikn of the 
faces when the crystals are in corresponding positions, it follows 
that crystalline form can be recorded by a set of such ratios, though 
imt every pair of similar crystals may have all the corresponding 
present. Alteration of the relative sizes of the faces may 
p^uce grsit difieroices in appearance in a pair of similar crystals, 
Iwt the goniometer brings these diflerences into coincidence. It 
Is also found that for the same crystal and the same axes the 
Intercept ratios of the different faces bear simple relations to 
eachDther. With the bdp of these relationships c^stals have 
iNsen divided into a numb^ of systems ex^essing differences of 
lorm, such as the cubic, the rhombohedral, the brimmc, the memo- 
dime. This classification is still necessary to the worker in this 
field, but since the discovery of X-ray methods of crystal analysis 
if has become more useful to concentrate attention on the more 
h^Eimate structures which the crystal has been madte to reveal, 
inlenul S truct ure of Ihintah.— Many years ago it was surmised 



Fig. xo. Intercepts on Axes 
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that the external r^[ularity of crystals was due to a regular internal 
arrangement of minute structural units often compared to bricks, 
and by some it was supposed that these structure vmits were no 
other than molecules. These ideas were developed by the Asnt 
HaOy (1743-1822), who showed them to be in accordance with 
the known properties of crystals. The units need not have plane 
faces like*lkricks; they iMy also be thought of as spheres in regular 
arrangement such as exists in a pOe of cannon-balls. These views 
found general acceptance^ but it was scarcely possible, except in 
the vaguest terms, to discuss the relation between the ^pe of 
the molecule and the shape of the crystal until a historic experiment 
suggested by Laue began a new era in crystallography. 

With the investigation of radioactivity and the elucidation of 
atomic number this ranks among the greatest advances of twentieth- 
century chemistry, and of these advances two were made with 
X-ra3rs. Scientific progress is cumulative; every advance in pure 
science is valuable not only in itself but in the assistance it gives 
to other branches. 

From 1895, when X-ra3rs were discovered by ROntgem, evidence 
had been slowly collected that X-rays were radiation differing 
from light only in their very much smaller wave-length. Attempts 
had been made to measure this wave-length by means of di&action, 
a method familiar to students of ph}^cs, but the finest slits which 
cotdd be constructed were found to be too wide for the purpose. 
Improvements were made in technique, and in the spring of 1912 
SoMMERFELD was able to estimate the wave-length to be of the 
order of 4 x io~* cm., a result not very far from the truth. 

lAue’S Experiment. — In the same year it occurred to Lane that 
since the wave-length of X-rays appeared to be rather less than 
the distance to be expected between the structural units of a 
cr3^al, it should be possible to obtain a diffraction pattern by 
passing a beam of X-rays through a thin crystal section. The 
experiment was carried out accor^ng to his suggestions by Fried- 
rich and Knipfing at Munich and was a brilHant success. The 
photographic plate on which the X-rays were allowed to impinge 
after passing through the crystal was found to be covered with a 
symmetrical arrangement of spots about a large central patch due 
to the uttdeviated part of the X-ray beam. 'I^s experiment had 
two results of the greatest importance: on the one hand it made 
it posrible to calculate with ease and predrion .^e wave-length of 
any giv«i beam of X-raj^, on the other it was* the beginning of 
oar definite knowledge of the intamal structure of w::]^tals. Fi^. ii 
shows Laue photographs of beryl (3BeO, AljOs, fiSK)^ and mckd 
se|^te. 

^moe xpxa thephotograidiicmethodof Laue has be^ su|^[^nented 
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aad to some extent re|daced by other metho(b. We shall first 
discuss the theoretical basis of the reflection method developed 
by Sir William Bragg and his son, now Sir Lawrence Bragg. 



By permission of Sir William Bragg and the Royal Society 
Fig. II. Laue Photographs: Beryl, Nickel Sulphate 


Consider a beam of X-rays all of the same wave-length (and hence 
called monochromatic by analogy with light) reflected from a 
crystal, bounded by the plane LM, in which the structural units 
form layers PQ, RS, etc. Let A and B be two parallel rays in the 
beam, meeting LM and PQ at V and X respectively, where VX is 
normal to the surface, and let 0 be the glancing angle (the comple- 
ment of the angle of incidence of optics), and let the distance VX, 
that is, the distance between the layers, which are evenly spaced, 



Fig. 12. Diffraction of X-Rays 

be denoted by d. Then the waves in the reflected ray D will lag 
behind the waves in the reflected ray C by the extra distance which 
the B has had to travel, that is, by the distance XY+XZ, 
VY and VZ being perpendicular to B and D respectivdy. Since 
the angle YVX and the angle ZVX are both equal to 0, this distance 
amounts to zd sin 0. If this distance is equal to any whole number 
of wave-lengths, the raysX and D will form part of a bright beam 
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of X-rays, but if it is not, the difference in phase between parallel 
raj^ will produce * darkness/ The reflected X-rays are therefore 
collected in a number of narrow beams over a blank field, and this 
is the explanation of the dark spots in the Laue photographs, 
each dark spot on the negative corresponding with an X-ray beam. 
It is clearly immaterial whether the X-rays are reflected from the 
surface layers or are passed through a thin crystal section; in 
either case the angle 0 which a ray producing a bright beam forms 
with the internal layers must obey the equation sin 0, 

where n is a whole number and A the wave-length; d can then be 
calculated from A and 0 . 



Among the earliest crystals to be investigated were the isomor- 
phous sodium and potassium chlorides. It was found that the 
crystal of sodium chloride, which is cubic, contained three sets 
of parallel layers at right angles to each other, each layer being 
separated from its neighbours by 5’63 x io~® cm. The volume of 
the cubes contained between these layers was therefore (5-63 x 10*®)® 
=178 X io~®® c.c. Since the density of sodium chloride is 2*17 gm. 
ir c.c. the mass contained in this unit cube was 2*17 x 178 X 10*"** 
.s=s: 3*87XI0“^ gm. The molecular weight of sodium^ chloride 
is 58*5, and the mass of the hydrogen atom i*66xio~*® gm„ so 
the mass of a molecule of sodium chloride is 0*973 x 10-*® gm. 

0*87 X 10*”® 

The unit cube therefore contains ■r;>-a ’=4 molecules of 

0'973Xio — 

sodium chloride. Similar results can be obtained for potassium 
chlmide. It r emains to be seen how these molecules or atoms 
are to be arranged within the cube. 

It is known that the absorption of X-rajw by, matter is roughly 
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proportional^ for equal numbers of atoms, to the atomic number: 
it is therefore not unreasonable to suppose that the reflection of 
X-rays varies in a like manner. By a study of the intensity of 
the reflected beams it is then possible to place the atoms with 
some certainty: for in potassium chloride the atomic numbers of 
the two atoms are very roughly equal, whereas in sodium chloride 
they differ considerably. The structure of the unit cube arrived 
at in this way is shown in Fig. 13, the black dots repr^enting sodium 
(or potassium) atoms, the white ones chlorine atonw. 

Several interesting points are at once obvious in the diagram. 
In the first place, it appears to contain 27 atoms, wlfcreas the unit 
cube contains only four molecules, or eight atoms. It must, how- 
ever. be remembered that the unit represented is only one of a 
number of contiguous cubes. The comer atoms are to be shared 
between eight cubes, and therefore count only one-eighth each, 
the atoms on the edges count one-quarter, and the atoms on the 
centres of the faces count one -half. In the second place, the 
molecule has disappeared : there remain only atoms. Each chlorine 
atom has six sodium atoms for its nearest neighbours, but as they 
are equidistant it is no more closely connected with any one than 
with any other, and each sodium atom is surrounded by six chlorine 
atoms. This can be most clearly seen at the central sodium 
atom; for the others the contiguous cubes must not be forgotten. 
Indeed in all questions of crystal structure it is highly important, 
when drawing any conclusions from a diagram of the crystal unit, 
to remember that it is one of a series extending in three dimensions. 

Ionization in Crystals. — ^Tbe question inevitably arises: Are we 
expected to believe that the atoms of sodium and chlorine thus 
brought into very close companionship are the same atoms to which 
in the elementary state such violent affinity for eaqh other is attri- 
buted? And how can a regular arrangement of sodium and chlorine 
atoms in space constitute a compound whose properties in no way 
resemble those of its elements? The answers to these questions 
cannot be fully understood till the modem electron theory of 
chtoical combination has been discussed, but in the meantime it 
may be stated that independent studies of the physical properties 
of ^t oystals have conclusively proved that the particles present in 
the ciystal structure are not atoms such as exist in the element 
but bodies called itms, consisting of sodium and chlorine atoms 
whose chemical properties have been entirely altered by the exchange 
an dearie diarge. It is these acquiim electric charges that 
hold the ions in position in the crystal structure; the negatively- 
changed chlorine ion is securely held in place by tlte six positively- 
charged sodium ions which surround it. 

lUteda ul tttnioioial Aiudyris.— We may now briefly describe 
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the principal methods by which these results are achieved. In 
the Laue method the monochromatic X-rays, narrowed to a fine 
pencil by passage through a lead diaphragm, pass through a thin 
slice of the crystal and are received on a photographic plate on which 
the central undeviated ray falls normally. The Braggs altered 
this method in two particulars: they reflected the rays from the 
crystal, which was mounted on a turntable, and they determined 
the angles at which intense reflection occurred by passing the re- 
flected ray into an ionization chamber. X-rays have the property 



of causing gaseous molecules to dissociate into oppositely-charged 
atoms, or ions, whose presence can be detected by an electrometer 
conne^ed to plates in the- ionization chamber. The whole appa- 
ratus recalls a spectrometer, in which the source of monochromatic 
light is the X-ray tube, while the diffraction grating is the crystal, 
and the place of the telescope is taken by the ionization chamber; 
it is in fact called an X-ray spectrometer (Fig. 14). 

The application of the original methods of Laue and Bragg was 
limited to substances which could be obtained in crystals of reason- 
ably large size. In a third method, indej^ndently proposed by 
Hull and by Debye and Scherrer, this is no longer necessary, 
the place of the single crystal being taken by a powdery mass of 
small crystals, through which a beam of X-rays is passed according 
to the Laue method: The crystallographic axes of these small 
crystals, and consequently their lattice planes, are inclined at all 
possible angles to the incident beam, but since, for the reasons 
discussed in the explanation of the reflection method, the beam 
can only be deviated through certain specified angles, a series of 
concentric circles is registered on the photographic plate, and by 
measurement of their radii and int^sities the necemry deductions 
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can be made. The discovery of the ]^wder method has greatly 
increased the usefulness of X-ray analysis. 

So definite and so accurate are the deductions from these methods, 
particularly the first two, that the wave-length of monochromatic 
X-rays is now usually determined by measurements on a crystalline 
substance whose lattice dimensions are known. On the other 
hand there are stiU many difficulties to be overcome, i^tly technical 
and partly systematic. Some crystal structures, particularly of 
organic substances, are so complicated that their ^elucidation is 
at present difficult, and hydrogen atoms — ^almost constantly 
present in organic compounds — are particularly difficult to place, 
on account of their small mass and consequent feelble power of 
reflecting X-rays. We shall briefly consider a few of the more 
interesting structures which X-ray analysis has revealed.^ 

Crystal Structures. — ^AU the alkali mono-halides have the sodium 


chloride structure except the 
chloride, bromide, and iodide 
of the heaviest member, 
caesium, which have what is 
called a * body - centred * 
cubic lattice (Fig. ^5) instead 
of the lattice ^ready illus- 
trated in Fig. 13, The 
different t3q>es of lattice found 
among the alkali-metal halides 
can be attributed to the 
different radii of the alkali- 
metal ions. Every ion tends to 



surround itself with as many 
ions as possible of opposite sign, and to place itself as far as possible 
from ions of like sign. If the ions are of like size, as in caesiiun 
chloride, the stablest structure is the body-centred cube, in which 
each ion is surrounded by eight others of opposite sign and eight 
others of the same sign. The ions of opposite sign are, however, 
closer to it than the others, the ratio of the distances being -v/3 : 2 
or 0*87 : 1. If one ion is much larger than the other, as in sodimn 
chloride, this structure brings ions of like sign too dose together, 
md is replaced by another, depicted in Fig. 13, in which eadi ion 
1$ surrounded by only six of unlike sign (and twelve of like sign), 
but in wMch the ratio of the distance betwe^ adjacent unlike ions 
to the distance between adjacent like ions is farther from unity, 
imnely i : or 0*71 : i. 

One of the most mteresting crystals from the structural as well 
, as other points of view is the duunond. This structure (Fig. 16) 
heans out in the most striking way the tetrahedral arrangement of 
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the valencies of carbon long since postulated by Van't Hoff to 
account for the stereochemical properties of organic compounds. It 
is also interesting to note 
how six-atom rings, which 
are familiar in organic 
chemistry, appear in 
the crystal structure of 
carbon. The well - known 
hardness of the diamond is 

no doubt to be attributed to ^ 

the mechanical efiftciency of | 
this isotropic structure, and 

may well be contrasted ^ V V V V 
with the softness of gra- 
phite, illustrated in Fig. 17. 

In this modification of car- 
bon the atoms are arranged — 
in hexagons — in com- 
paratively widely - spaced 

planes. The consequence is „ ^ ^ 

t^hat graphite combines Th= Structure of the Diamond 

tenacity in one direction with weakness in another. The connection 

between the planes is so weak 
that they slide readily one on 
another, while the close arrange- 
ment within them makes them 
difficult to dismember. It is to 
these circumsteinces that the 
lubricating qualities of graphite 
are due. 

Once more we see that the 
simple chemical molecule has 
vanished: a diamond is one 
immense molecule, since it is 
nowhere possible to find any 
group of atoms isolated from the 
rest. It is only when we come to 
review the structure of organic 
crystals that we find the identity 
of the molecule preserved. 

The structures of diamond and 
graphite show that in this case 
at least the occurrence of aHotropy 
can be attributed to the stability of alternative crystal 
Tne same is true of fron, whose o, jS, and 5 modifications oystallise 



Fio. 17. Thb SxRXJCTtjaE of 
GiUPaXTB 
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mtbe My-cmtKd cube sarangment. wMe the y vaiiety is m 
cub« ^ tbe other band, no change ii sSTSe 
detected m the transformation from the a to the fi varfetv 
anff f a change from a magnetic to a non-magnetic materi^ 
a^d there is other evidence to show that considerSs o“S 

stracture will probably never be 
O Ca to account for all the 

known cases of allotropy, even 

• ^ among crystalline fcnbstances. 

. Some progress h^ been made 
m the correlatiod of optical 
activity with ciystV structure. 
IhiK the optically \active pro- 

/fi^uartz are 
probably to be ascribed to the 

^“pVspfrS^SicJ may 
‘ either right- or left-handed. 

fluoride, (Fig. i8). presented by fluorspar, calcium 

inSftTidSity ofihe*" chloride, 

compound radical is clearly 
brought out (Fig. 19). 

The investigation of alloys 
has also jdelded instructive 
results. When the two ele- 
ments forming a binary 
alloy crystalliie in the same 
structure, it is usual to 
find that tlte atoms of one 
can be replaced step by 
step by, the atoms of the 
o^r; this is the case when 
the metals form alloys in 

iilnietiirss, the sLim of" a 
aMuges , abruptly. In muted crystals too— of 



N. 

Cl 

H 


Fig. 19. Thb Structork op Ammonium 
Cbxorzdb 
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substances characterized by the possibility of variation in the 
proportions of the constituent compounds— similar ions can take 
each other's places at random in the lattice. The formation of 
mixed crystals is usually confined to substances of similar crystalline 
form. Such substances are called isomorphous, and it is often 
found that the corresponding compounds of similar elements are 
isomorphous, e.g. many sulphates and chromates. Isomorphism 
depends less, however, on valency than on the similarity of com- 
pleted electron shells (Chapter XI), e.g. calcium fluoride, CaF^, 
is isomorphous with sodium sulphide, NagS, the electron shells 
of the calcium and sulphide ions, on the one hand, and of the 
fluoride and sodium ions, on the other, being identical. 

The determination of the crystal structure of organic substances 
is made difficult by the large number of atoms present in the crystal 
unit. In these substances the molecule is preserved, and it is not 
unusual to find that the crystal unit contains two, three, or four 
molecules. The molecules themselves are electrically neutral, and 
they probably keep their places by reason of the interaction of the 
unsymmetrical fields of force in the molecule. Work on benzene 
and naphthalene confirms the structures assigned to these com- 
pounds on chemical grounds. The structure of the fatty acids 
deduced from X-ray analysis fully confirms the evidence of their 
physical properties. These acids, whose general formula is 
CH3.(CH2)„.C00H, are arranged in double layers in which the 
COOH groups all point inwards, while the methyl groups point 
outwards. Since almost the whole of the chemical activity of the 
molecule is concentrated in the COOH group, it is not surprising 
that in the cr5rstal these groups should be found closely connected. 
The direction of the long chains appears not to be at right angles 
to the pknes in which the COOH groups lie, but it is possible to 
calculate the length of the chain and hence to form an estimate of 
the extra length required for each CH,. 

While it may be doubted whether, even with its present highly 
developed technique of calculation, X-ray analysis wfll ever replace 
the traditional methods of organic chemistry, the situation has 
often arisen in which the older science can only with extreme 
difi&culty distinguish between the few alternative structures to 
which it has reduced a problem. It is then that the X-ray method 
may prove decisive. 

tmMDg ci Chfystels.— The knowledge gained from X-ray 
analysis of solids has enabled us to discern the principles governing 
the packing of the units out of which the crystalline solid is builti^ 
If a nnmt^ of equal spheres are packed into a given spac^ as 
densdy as possible it will be found that every sphere is symmetrically 
surrounded by and in contact with twelve oth^ This arrangement 
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of dose^acking is typical of the majority of the metals, al- 
though the alkali metals show the slightly less dense packing of 
eight atoms symmetrically in contact with any one atom, their 
cubic structure resembling that of caesium chloride shown in 
Fig. 15, p. 88. The chief influences causing a reduction in the 
density of packing are (i) the (^tal is composed of unlike units of 
d^erent sizes, (2) the effect of ionic charges in crystate composed of 
ions, (3) the presence of directed valencies. Of these ii) and (2) are 
purely geometrical or electrostatic in origin. The fomparatively 
open packing in diamond (Fig. 16, p. 89), in which mere are only 
4, tetrahedrdly-disposed, nearest neighbours to any one atom, is 
entirely attributable to the strong tetrahedrally-dirwied valencies 
of carbon: the hardness and low compressibility of diamond being 
ensured in spite of the open packing, by the strength of the bon<k 
between atoms. It has become customary to use the term ' co- 
ordination ' in describing the type of paclmg in terms of nearest 
neighbours. Thus the ^ali metals show 8-co-ordination, sodium 
chloride and ve^ many other ionic crystals 6-co-ordination, while 
diamond exhibits 4-co-ordination. TTie t3^pes of co-ordination 
occurring in crystals correspond only to the numerals 12 (close- 
packing), 8, 6, 4, 3, and 2. A crystal composed of unequ^ numbers 
of unlike units, such as calcium fluoride CaF2, must contain a double 
co-ordination, in this case 8 : 4 co-ordination, implying that every 
fluorine ion F“ has 4 calcium ions Ca++ as its closest neighbours, 
but every Ca++ ion is immediately surrounded by 8 fluorine ions, 
as a careful insp^ion of Fig. 18, p. 90 will show. In this usage 
the term co-ordination has a purely geometrical meaning, which 
must not be confused with the chemical meaning given to this word 
in respect of a certain type of valency (p. 345). 

^ bote Diametenu— Numerous attempts have been made to 
calculate the dimensions of the ions by supposing them to be rigid 
sf^eres in contact in the crystal. The results of these calculations 
lead to values for the ionic diameters roughly in agreement with 
those calculated by other methods, but to obtain closely concordant 
valiiedl^it is necessary to restrict the comparison to salts of the 
same type. That dinerences should arise is not surprising, since 
the^ is nothing to show that the atoms or ions are rigid spheres, 
and what we know of the distribution of their fields of force in 
docs not lead us to suppose that they are either symmetrical 
or unyiddii^. It is probable that the atcafla has no definite size, 
but adapts itself to the exigencies of the structure in wtueb it finds 
itself. Current estimates of atomic and ionic radii have, bowev^, 
been of use in pointing the way to the probable inteipetatiott of the 
X-ray data for new substances. The fedbwing are some ctf the 
values, expressed in muts of xo^ cm: ^ 



Li 

1-52 

THE STRUCTURE OF MATTER 

Na 1*86 K 2-31 NH4+ 1*43 

93 

Li+ 

078 

Na+ 0"98 

K+ 1-33 

0- 1-40 

F- 1-33 

C 

077 

Si 1*17 

N 073 

0 074 

F 072 


liqiiiA Crystals. — Before leaving the subject of crystal structure 
we must refer to the so-called ‘ liquid crystals.' Some organic 
substances (e.g. para-azojtyanisole) on melting pass into a form 
with the fluidity of a liqmd but some of the optical properties of 
a crystal. This peculiarity disappears when the temperature is 
raised above a certain limit, and a normal liquid is produced. 
Liquid crystals share with true crystals the jfdienomenon of anisch 
tropy, that is to say, their physical properties (such as refractive 
index) depend on the direction in which they are measured. This 
phenofnenon is never shown by true liquids. Some liquid crystals, 
such as ammonium oleate, when melted in small quantities on a 
horizontal surface, form drops whose sides are not curvilinear but 
arranged in small regular steps which can be made to slide one over 
the other. 

The explanation of these curious properties is probably as follows. 
Substances known to form liquid crystals are presumed to have 
long molecules in which the chemical activity is very unevenly 
distributed and is chiefly concentrated at certain points. These 
molecules even in the liquid state tend to set themselves with their 
axes parallel, and it is this arrangement which simulates the appear- 
ance of crystalline form. The anisotropy of such substauices as 
stretched rubber can also be brought out by X-ray analysis; sub- 
stances in such a condition must contain a rudimentary form of 
crystalline structure. 

Gases 

Kmeiio Theory oi Oases.— We have shown in Chapter I how the 
study of gases led to Avogadro's hypothesis and the importance 
of this study for the determination of atomic weights. Since the 
time of Avogadro our ideas of the gaseous state have been extended 
by the development of the kinetic theory, chiefly due to Clerk 
Maxwell, Clausius, Boltzmann and Van der Waals. This 
theory is a coroUary of the kinetic theory of heat, according to 
which the heat energy of a substance, whether solid, liquid, or 
gaseous, consists of tiie kinetic energy of the random motions of 
its particles. Absolute temperature is taken to be a measure of 
the avarage kinetic energy of the partides. The atomic and 
molecular theories allow these particles to be id^tffied with mole- 
cules, f^ substances in a gaseous state, and the kinetic theory of 
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gases is based on a statistical study of the magnitude and direction 
of the%nolecular velocities. 

The molecules are assumed, for purposes of calculation, to be 
spheres, and we must also suppose them to be perfectly elastic, 
since by^ the Law of the Conseruaiion of Energy no energy c^ be 
lost in the frequent collisions between molecules. These collisions 
win cause the velocity and direction of a molecule to suffer frequent 
and violent changes, so that its rate of progress through the gas 
is comparatively slow, in spite of the very high velocity of molecular 
movements. Thus at o® the mean speed of a hydrogen molecule 
is about 1*6 km. per second, but in each second it suffers about lo^® 
collisions with other molecules, so that the average distance travelled 
in a second, measured in a straight line, is less than i cm. 

Bistributhm of Molecalitf Velocities. — On account of these abrupt 
changes of velocity the speed of any selected molecule at a given 

moment may have any 
value from zero up to a 
value several times the 
mean velocity. The 
distribution of the 
velocities iS( illustrated 
in the diagram, in 
which the possible 
values of the velocity 
are plotted on the hori- 
zontal axis while the 
vertical axis represents 
the number of mole- 
cules per c.c. which 
Fig. 20. Distribution of Velocity among Gas are moving with that 
Molecules velocity at a given 

moment. The point M 
marks the mean velocity, and it will be seen that molecules with 
a velocity in the neighbourhood of the mean are very much more 
numerous than molecules with very small or very great velocities. 
The form of the curve was worked out by Maxwell with the help of 
the laws of probability. 

Kinetio llieoiy and ttie Gas Laagi»— It can be shown that the 
aimple laws governing the effect of temperature and pressure on 
the volume of a gas are in accordance with the postulates of the 
Wnetic theory. In the calculations we shall use not the mean 
vtflbcity but the root-mean-square velocity, that is, the square root 
the arithmetical mean of &e squares of the velocities of all the 
mc^ecuies at a given instant, and we shaff assume that all the 
hp^MCuies are moving with tins velocity. For a proof that this 
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assumption is legitimate we must refer the student to one of the 
larger textbooks of physics, but in passing we may point out 
that it does not affect the total kinetic energy of the molecules; 
which is a function of the sum of the squares of their velocities. 

Consider a gas confined at a temperature of T® Abs. and a pressure 
^ in a cube of side a. Let the mean square velocity of the molecules 
at this temperature be u, and let these velocities be resolved into 
velocities ^v* parallel to three sides of the cube meeting 

in a point. Then by solid geometry 
Consider the component along the x axis. A molecule moving 
parallel to the x axis with velocity will strike the yz wall of the 

cube — times per unit of time. Since it leaves the wall with an 
a 

equal but opposite velocity the change of momentum at each 
impact is where m is the mass of the molecule, and the 

change of momentum per unit of time is zmUg. x . The 

change of momentum per unit of time in all directions is then 

per molecule, or if there are n 

molecules in the cube. Now these molecular impacts are the cause 
of the pressure exerted on the walls. The rate of change of momen- 

turn, which has the dimensions of a force, is divided over 


the six walls of the cube, of combined area 6a*, or — 3- per unit 

area. This force per unit area is equal to the pressure p, whence 

But cfi is the volume of the gas (say V), and we have 

agreed that the absolute temperature T is to be proportional to the 

kinetic energy of the particles==-w»«*. Hence 

2 


py 

T 


=constant or pV^^RT, where Jl is a constant. 


The value of the constant R depends on the mass of gas which is 
taken: in numerical calculations it is best to remember that at 
0° C. and 760 mm. pressure the molecular weight of a (p^ect) gas 
expressed in grams occupies 22’4i litres. In heat units this brings 
the value of R to i-gg calories per Centigrade degrm^ per gram* 
molecnle. 

This relation combines the laws usually cdled the names of 
CaAmjES and Boyle, expressii^ rnpectively the el^ of temper^ 
tare and pressure on the volume of a gas. It is, however, found in 

•d 
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piBCtice to be only approximately correct, and for gases in the 
neighbourhood of their boiling-points considerable differences 
arise. A hypothetical gas which exactly obe 5 rs the simple gas law 
is called a perfect gas, and in calculations where high accuracy 
is not required this convention is a very useful one. Hydrogen 
and nitrogen approach most nearly to the behaviour of perfect 
or ' idead ' gases, and for this reason are used in gas thermometers. 

Imperfect Oases.— The hrst successful attempt to give mathe- 
matical expression to the imperfections of real ga^s was made 
by van der Waals, who pointed out two sources of maccuracy in 
the simple form of the calculation: \ 

I. The volume V must be reduced by an amount b to allow 
for the space occupied by the molecules, which accoi^g to the 


2. In the interior of the gas the attractive forces between the 
molecules operate in all directions and therefore cancel out, but at 
the surface of the containing vessel, or at the manometer, where 
the pressure is actually measured, the attractive force of the 
molecules operates inwards and is unbalanced from tl^ outside. 
Hiis drag manifests itself as a reduction in the pressitre, and is 
proportional both to the number of molecules on the surface of the 
gas on which the attraction is working and to the number of mole- 
cules behind them to which the force is due. Both these are pro- 
portional to the density of the gas, which, for a given mass of gas, 
is inversely proportional to the volume, so a term inversely pro- 

porticmal to the square of the volume, say where a is a constant, 

must be added to the pressure in the simple gas equation. 

The equation therefore becomes; 

(p+^)(v-b^=^RT. 

where a and b are ^nstants specific for each gas, calculated from 
the observed variation of pV with pressure and temperature. 

Expanded, this becomes; 

Hel^OCtiiig the small product of the corrections.' Since both a 
and 6 are positive, the variations from constancy of pV may take 
^her a p(«sitive or negative tdirection, according to the conmtions. 
tike naturc of these variations does indeed vary from gas to gas. 

(Fig. ax) shows pV plotted against p in atmosbheres 
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from Amagat’s results. Whereas hydrogen at 0° C. shows a 
continual increase in pV with pressure, nitrogen at 0® C. shows a 
slight minimum, and ethylene at 100° C. a pronounced minimum. 
Other gases, such as carbon dioxide, with comparatively high 
boiling-points, resemble ethylene in their behaviour. 



— Pressure in atmospheres — 


Fig. 21. Variations from Boyir's Law 

Idgnebotion OH Gases. — ^These deviations from the basic laws of 
ideal gases have important practical applications to the liquefaction 
of gases and the working of refrigerators. Since pV is approximately 
equal to RT, and T is proportional to the kinetic energy of the 
molecules, any change in pV must involve a change in the kinetic 
enagy of the molecules. If such a change in pV takes place on free 
expansion of the gas, the excess or deficit in kinetic energy must 
be derived from a spontaneous change in the temperature of the 
gas. That this does actually happen was shown by the celebrated 
Joule-Thomson ‘porous plug' experiment. A gas was allowed 
to flow slowly through a porous partition from a r^on of high 
pressure to a rt^on of low pressure and the small change in tem- 
perature was olteerved. In this and other experimem it was 
found that most (hydrogen was an excqition) showed coolii^; 
und^ these conmtions, whereas hydrc^en grew ^htly wamwr. 
Since the ejqieriments were made at not very high ^essures, the 
results conflm those shown in the diagram. For most gases at 
modtaate pmawea, pV decreates with increasiBg pressure arid 
therefme increases on expan^im: the energy requited iot the 
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increase must come from the thermal energy of the gas, whose tem- 
perature therefore falls. At lower temperatures the exceptional 
behaviour of hydrogen disappears, and it suffers cooling like other 


The cooling of gases on free expansion is put to use in liquefaction 
plants, lie gas is first compressed in a pump to some 200 atmo- 
spheres, and is then 


Cooler 


-^Vacuum 


-Liquefied gas 


passed through a 
cooliiig coil where 
•Fresh rfas tde heat produced 
“ 5 in compression is 

absorbed. From 
the cooler the gas 
passes to a well- 
insulated coil sur- 
rounded by the 
return current of 
coldgas. Theobject 
of this coil, which is 
usually very long, 
is to briijg the gas 
inside and out to 


Fig. 22. Liquefaction of Gases (Diagrammatic) nearly the same 

temperature. It is 

therefore made of copper and is often double, the entering gas being 
inside and the issuing gas outside. At the bottom of the coil is the 
jet at which free expansion takes place, and after the plant has been 
running for some time drops of liquid collect in the receiver. 

A modification of the process is necessary if hydrogen is to be 
liquefied, since at room temperature hydrogen is not cooled by free 
expansion, but, on the contrary, slightly warmed. Below ~8o® 
cooling takes place, and hydrogen is therefore cooled to well below 
this temperature with liquid air before it is admitted to the 
exp^sion plant. 

D]lfasioii.r~GKAHAM's Law of Diffusion is an interesting confirma- 
tion of the kinetic theory of ga.ses which in recent years has been 
put to use in the separation of isotopes (p. 319). Graham found 
ttot the rate at which gases at equtd temperatures and pressures 
diffused through small orifices was inversely, proportion^ to the 
sqtme root of their densities. We know from Avogadro's hypo- 
tl^este that under these conditions the d^isi^ is proportional to 
molecular weight, $0 that molecular weights can be written 
of densities in Graham’s law. Thus oxygen, with nearly 
limes the molecular weight of hydrogen, diffuses only one- 
quarter as fast. The explanation is as foUows. The mean square 
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velocity is connected with the absolute temperature by the relation 

HL — ==pV=RT already deduced. The mean square velocity is 

therefore inversely proportional to the square root of the molecular 
weight. Now the rate of diffusion depends on the number of 
molecules which strike one of the small orifices (e.g. the pores of 
meerschaum) in unit time, and this must be proportional to the 
velocity, or inversely proportional to the square root of the 
molecular weight. 

Dalton’s Law ot Partial Pressures.^In such experiments as these 
the gases may be in the same vessel at the same time without 


disturbing the relationships, provided that their partial pressures 
are considered, and not the total gas pressure. The partial pressure 
of the gas is the pres- ^ 
sure which it would . 

exert if it alone filled Wheatston^ 

the space in which the bridge g Gas 

mixture is confined. - enters 


The total pressure is 
the sum of the partial 
pressures (Dalton's 
Law), and this ob- 
viously follows from 
the kinetic theory, but 
experiment sometimes 
reveals differences 
when the gases under 
consideration are those 
whose behaviour under 


F" 


Gas 

leaves 


changes of tempera- 
ture and pressure 

shows much deviation Fio. 23. Katharombter 

from the gas laws. 

Thermal Conductivity. — ^The thermal conductivities of gases 
depend on the average distance travelled by the molecule between 
collisions (called the ‘ mean free path '), the complexity of the 
molecule, and the molecular weight. Since this property can be 
rapidly measured in an apparatus designed for the puipose, and 
since it varies very greatly for different gases. (e.g. hydrogen has 
more than ten times the conductivity of carbon dioxide), instruments 
called katkarometers working on this principle are sometimes used 
fOT the analysis of gas-mixtures in factories, in preference to tte 
more accurate but far more laborious methods pf chemical analysis. 
A coil of thin platinum wire forming one arm of a Wheatsttme’s 
bridge is kept,' by tiie Current flowing throos^ ft from the bridge, 
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at a temperature some five or ten degrees above that of its sur- 
roundings. The gas stream, first cooled to the temperature of 
the apparatus, is made to flow past the wire at a fixed rate. The 
resistance of the wire depends on its temperature, which in turn 
depends on the cooling effect of the gas, so alterations in the thermal 
a>nductivity of the gas are immediately reflected in the bridge 
readings. The apparatus is peculiarly well adapted to furnace 
control by analysis of the flue gases. 

Molecular Heats.— The molecular heats of gases, though difficult 
to measure with accuracy, are of ^at theoretical importance. 
Two molecular heats must be distinguished, at constant volume and 
at constant pressure, denoted by C^ and Cy, The molecular heat at 
constant volume is the number of calories required to r^^ the 
temperature of one gram-molecule of the gas through one Centigrade 
degree, the volume being kept constant. Under these conditions 
the pressure rises, and to reduce the pressure to the original value 
the gas must be allowed to expand. This implies the performance of 
work, and it is easily seen from the equation pV ^RT that the extra 
heat required, to offset this work, is R calories—roughly 2 calories 

3s=C,— C«. Now pV^ , and the total kinetic energy of 

translation of the molecules, which we may call E, is -www*. 

2 


and E=^RT. 
3 2 


For unit increase in T the increase in 


a 

E is therefore equal to ~il=neariy 3 calories. If the only kinetic 

eneigy possessed by the gas molecules were their translational 
energy, this would be eqi^ to C,, and this is inde^ found to 
be true for all the monoatomic gases so far invest^ated — ^mercury 
vapour and the inert gases. But when a polyatomic gas 
molecule is heated, not all the energy supplied goes to increase 
the kinetic energy of the motion of the molecule through the 
gas. Smne energy is required to increase the rotational energy 
■of the molecule and also the eneigy of relative motion, probably 
oscillations, of the atoms witlra the molecule. These two 
together may be called the internal eneigy. Then 


: Cs»translational en^gy+intemal eneigy (if any) and 

„ „ + „ „ „ +extemalwork 

3~t~^temal energy-j-a s+intemal energy 
Ci.'*3+intetiMd encagy ‘"s-fintemal eneigy' 

MoBoatomic gases have no mtesnal eneigy, ami ccmseqtien% 
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zoi 


C 5 

^b=^=i* 67. This is in accordance with experiments on the velocity 

of sound in these gases, from which the ratio of the molecular heats 
can be calculated. The more complex the molecule, the greater 

the internal energy and the nearer to unity the value of ^ This 

again is in accordance with experiment, as the following table shows: 


Gas: Argon Hydrogen Carbon dioxide Benzene Turpentine 
C« 

1-65 1-41 1-30 1-09 1-03 


Viscosity. — On the basis of the kinetic theory equations have 
been developed connecting the viscosity ^ of gases with the molecular 
weight and the mean free path. The viscosity can be determined 
experimentally, and if the molecular weight is known the molecular 
diameter can be calculated. The results of these calculations are 
in indifferent agreement with the values deduced directly from 
measurements on crystals with X-rays, the difference being usually 
about 40 per cent. The same applies to calculations based on the 
value of the constant h in van der Waals's equation; it will be 
remembered that this is supposed to be proportional to the space 
occupied by the molecules in the gas. These and other results 
make it probable that the molecular diameter is not a fixed magni- 
tude, independent of conditions. 


Liquids 

Pore Iiiquids. — ^While the recently introduced X-ray methods of 
crystal analysis have thrown much light on the nature of the solid 
state, and while the kinetic theory has done the same for gases, 
our ^owledge of pure liquids (as distinct from solutions) is still 
rudimentary. That the molecules in the interior of a liquid axe 
in motion is shown by the fact that two mutually soluble liquids 
placed in contact diffuse into each other until the system is homo* 
geneous. The Idnetic theory accounts for the difference between 
the liquid and gaseous states by assuming that in the former the 
moleddes have been brought so dose together that the inter- 
molecular attraction is sufficient to overcome the tendency of 
molecules to leave the system. Surface tension is caused by the 
inward pull of the body of the liquid on the surface molecules. 

^ the viscosity of a liquid or a gas is the force per unit area between two 
paraUel planes unit distance apart when the liquid or m Uows between thm 
and parallel to them with unit difference of velocity at the two planes. 
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Only molecules with exceptionally high velocities are able to over- 
come this attraction and meak through the surface, and the vapour 
pressure at any temperature is a measure of the number of molecules 
for which this is possible. As the temperature is raised the 9 on- 
centration of molecules in the vapour phase approaches the 
concentration in the liquid phase; when these two concentrations 
become equal the surface tension is reduced to zero, the liquid- 
vapour surface disappears, and the critical temperature is reached. 

While there is little doubt that this kinetic view of evaporation 
is correct, not much else is certain. Ignorant as we are of the law 
of force between molecules in close contact we cannot Calculate 
the mean free path or the volume of the molecules. Even the 
determination of the molecular weight of pure liquids is aWoblem 
of much dfficulty. In this section we shall coniine cursives to 
a short discussion of this problem and to an account of some recent 
experiments which tend to show that certain types of molecules 
at least are at the surface arranged in a regular fashion. 

Molecolar Weight and Association.— There is no reliable method 
of determining the molecular weight of a pure liquid. Much 
evidence has l^en accumulated that a large class of liquids is asso- 
ciated, that is, the apparent molecular weight is greater than that 
attributable to molecides in the vapour at temperatures weU above 
the boiling-point. 

The molecular weight of a liquid may very well be more, but 
can hardly be less, than the molecular weight of its vapour. Thus 
if vapour-density measurements betray the presence of multiple 
molecules in the vapour, as in the vapour of acetic acid, hydrogen 
fluoride, or, to a much less degree, water, there is a strong prob- 
ability that these liquids are associated. The molecular weight 
of a uquid when dissolved in another can be accurately measured 
by the methods outlined in Chapter IV, and a high result in such 
expaiments is evidence of association in the pure liquid, though 
quantitative deductions from such data are imjustifiable. Water, 
for instance, when dissolved in other liquids, has a molecular 
weight varying according to the solvent and concentration up to 
nearly double the value corresponding with the simple formula HjO. 

An abnormally high value for the latent heat of vaporization 
points in the same Section. On vaporization associated liquids 
usually suffer a reduction in the mean'molecular weight, and this 
breakdown into smaller units absorbs heat which must form part of 
the experimentally determined latent heat. Liquids which are in 
fairly close agreement with the relation called Trouton’s RuU'. 

Ml 

j.: -^=constant (about ai tai. per ®C.), 
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where M is the molecular weight, I the latent heat of vaporization, 
and T the absolute temperature of the boiling-point, are regarded 
as non-associated. Liquids which show considerable departure 
from this rule (which, though introduced as an empirical relation, 
is a simplified form of an equation with a thermodynamic basis) 
are believed to be associated. Association is also in^cated by an 
abnormally high viscosity. The best criterion of this effect is the 
ratio of the viscosity to the molecular volume (the formula weight 
divided by the density). 

Associated liquids show f 
values of this ratio very » 
much in excess of those 2 
found for normal liquids. ^ 

Association in liquids *g 
can now be viewed from a 
new angle as the result of ® 

X-ray analysis. Theoxy- g 
gen atoms in ice are in ..2 
tetrahedral 4-co-ordina- ^ 
tion very similar to that of * 
carbon atoms in diamond. 

The openness of this Fig. 24. Expansion of Water 

packing arrangement is 

emphasized by a simple calculation. From our fairly exact know- 
ledge of the dimensions and weight of the steam molecule HgO we can 
easily find that were an assemblage of these molecules close-packed in 
I C.C., the weight would be nearly 2 gm., while the actual specific 
gravity of ice is o*gi6. As in diamond, the open structure is con- 
ditioned by directed valencies, exercised in a manner not yet fully 
understood, through the hydrogen atoms, one of which lies between 
each pair of oxygen atoms, and probably in the line of their centres. 
Such so-called 'hydrogen bonds' appear to be not uncommon, 
cases being known in which not only pairs of oxygen atoms but two 
fluorine atoms, or nitrogen and fluorine (as in ammonium fluoride), 
or nitrogen and oxygen appear to be held together by such bonds. 
When ice is melted the quite regular and complete bonding operating 
throughout the ice crystal is broken here and there, and a slightly 
denser packing, corresponding to an increase of about 10 per cent in 
density, is achieved. As the above calculation showed, if all or 
nearly all the oxygen-oxygen links were broken the increase of 
density would be over 100 per cent. As the liquid water is heated 
there is probably a slight but progressive further rupture of the 
bonds, but the high latent heat at the boiling-point indicates that 
even at t his temperature volatilization is f^ from a purely physical 
jprocess* Above 4® C. the thermal expansion conceals the effect of 
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tile closer packing. It is dear that this picture does not permit us 
to assume the water contains definite polymers (H, 0 ),. We should 
better regard water as essentially ice, in which a small proportion 
of tiie bonds are continually fractmed and repaired at random 
points. We may legitimately expect a similar constitution in the 
alcohols and other liquids recognized as 'abnormal.' The con- 
ception of molecular weight is dearly meaningless when applied to 
ice, since throughout the ciystal the bonding is uniform, and co- 
extensive with the r^stal. On the view put forwardjabove the 
conception is also without meaning for liquid water, uf as now 
seems probable all liquids show structure in some degreA then we 
must modify the earlier attitude of regarding liquids as hvhly com- 
presiied gases based on the van der Waals conception ofvthe conr 
tinuity of the liquid and gaseous states. Such a view is probably 
corr^ only in the neighbourhood of the critical point. 

Tm Taiacihor. — ^Numerous methods of estimating the molecular 
weight are based on arbitrary formulae involving the surface 
tension, a property which is undoubtedly dosely connected with 
■ the occturence of assodation. These methods have not been 
uniformly successful, but in recent years there has become available 
a method which allows us to dedde with some approach to cer- 
tainty whether a liquid is assodated or not. In 1924 lit was 
diown (i) that for a non-assodated liquid the value of the expres- 

sioii jj— was a constant independent of the temperature (M is 

the mokcular weight, D the density of the liquid, d that of the 
vapour, and y the surface tension) ; (2) that tins constant was an 
additive function of fixed values which can be assigned to each 
atom. Extra values must also be allowed for some spedaJ types 
of combination, such as double bonds or rings. 

This constant is called the parachor. It has been applied in 
both organic and inorganic chemistry in attacking questions of 
structure. Associated liquids show wide variations from the 
calculated values, but as with Trouton’s rule, quantitative deduc- 
tions cannot be drawn from these variations. 

The liquids which by these tests are found to be associated 
include water, hydrogen peroxide, the alcohols, the fatty acids, 
the add amides, hydrogen fluoride, syid liquid ammonia. It is 
significant that all these liquids contain hydrogen, and in them 
' hydrogen bonds * may weU be operative, as mentioned above. 

— Meanwhile we may motion 
;iieertain other characteristics of assodated liquids which, while 
;,0aroely definite enough to serve as condusive evidence of assoda- 
’iion» are of significance when the group is considered as a whole. 

1. Assodated Squids are vm^y misdble in any |»oportion 
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with each other, but only in limited proportions with normal 
liquids, while normal liquids are miscible with each other, but not 
with associated liquids. 

2. The physical properties of mixtures of associated liquids 
seldom vdjy in a linear manner between those of the constituents, 
whereas with normal liquids a nearly linear relation is usuaL The 
reason for this is the effect which associated liquids have on each 
other's molecular constitution: the structures present in the pure 
liquids are to some extent broken down and new structures formed. 
The diagrams show the viscosities of typical pairs of associated 
and normal liquids: 



Associated : 'Water and Methyl Normal : Benzene and Carbon 

alcohol tetrachloride 

Fig. 25. Viscosity of Mixbd Liquids 


3. Associated liquids have high dielectric constants.^ The 
values for a few typical liquids of either class are : 

Associated Normal 


Water 

. 82 

Carbon tetrachloride 

. 2 

Formic acid 

• 58 

Acetic anhydride . 

. 21 

Methyl alcohol 

• 33 

Benzene 

. 2 

Acetamide . 

• 59 

Ether . 

• 4 


Exceptions are, however^ found, e.g.: 

Acetic acid • • • 6 Nitrobenzene • « 36 


4. Associated liquids have the power of dissodating suitable 
solutes into ions (Qiapter IV). Iliere is no doubt that this is 

^ Ihe dielectric constant or specific inductive capacity of a substance is 
the ratio between tlie capacity ox a condenser when timt Subetanee is used as 
dieieottic.aiid the capacity w&n air is used as didectric. 
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partly due to their high dielectric constant, which facilitates the 
separation of the ionic charges; but the residual affinity of the 
solvent molecules probably has some effect, since the forces which 
cause the molecules of the pure solvent to combine may be equally 
effective in combining them with the ions of the solute, thereby 
promoting the dissociation of the latter. Thus slightly basic 
solvents promote the ionization of acids, and vice versa. 

The correct expression for the ionization of such k body as 
acetic acid in aqueous solution is not CHXOnH^CHXOl'+H*, but 
CHaCOgH+HaO^CHaCO^'+HaO*. \ 

5. Associated liquids have abnormally high boiling-points. Since 
volatility is nearly always reduced by increase in the polecular 
complexity there is nothing surprising in this. 'The \ question 
whether the boiling-point is abnormally high or not must ba decided 
by comparison with similar compounds. The comparison of the 
boiling-point of water with that of similar substances is instructive. 
The thioethers, in which the oxygen atom of the ether has been 
replaced by sulphur, boil about 59® above the corresponding ether. 
Since hydrogen sulphide boils at —61® it is reasonable to suppose 
that water, if normal, should boil at —61®— 59®=— 120® or there- 
abouts; the true boiling-point is no less than 220® higher, ^nd the 
difference is ascribed to association. ^ 

Films ol Polar Molecules. — This name has been applied to 
molecules in which nearly all the chemical activity is concentrated 
at one end. The best-known examples of this class are the fatty 
acids, which have the formula CHj.(CH2)„.COOH. While the 
lowest members of the series are liquid at the ordinary temperature 
the melting-point rises with molecular weight, and such a compound 
as palmitic acid, CHj^.(CH2)i4.COOH, melts at 63®. The higher 
members are practically insoluble in water, and a single drop of 
the molten acid placed on a water surface spreads out into a thin 
film. If the volume of the drop (or its weight and density) is 
known, the thickness of the film can be calculated from measurement 
of its area; and this thickness is found to be little more than the 
length of a single molecule of the fatty acid, as calculated from 
X-ray measurements. It is also interesting to compare this 
result with measurements on the thickness of soap-films. The 
black or thinnest part of these films,- which appears just before 
they burst (unless this is prevented by checking evaporation), is 
fpimd to be just two molecules thick: there can be little doubt 
that in tli^se films the COOH groups of the two molecules face 
inwards and are in contact, whfie the CH3 groups face outwards 
to the air. This suggests that in the fiilms formed on water the 
GOOH groups are all on the water surface and the CH* grcwqjs 
^ on the top of the film, and this has been |m>ved by Adak and 



THE STRUCTURE OF MATTER 107 

others, using a modification of the original oil-spreading method 
of Lord Rayleigh. 

A shallow trough of distilled water is fitted with a movable 
strip suspended on the surface of the water by a rigid wire framework 
not shown in the diagram (which is a plan). By attaching weights 
to the upper part of this framework a known force can be applied 
to the strip in a direction causing it to move from right to left. 

The water surface is first freed from floating impurities by 
drawing the edge of a piece of paper over it: a drop of a benzene 
solution containing a known weight of the fatty acid is then placed 
on the water in the left-hand part of the trough. The benzene 
evaporates, and the resulting film is compressed into the left-hand 
end of the trough by moving the strip. During this process the 
film tends to escape round the ends of the strip; this must be 
prevented by jets of air, as shown in the diagram. A point is 



then reached at which the film, which has hitherto required scarcely 
any force to drive it into the left-hand end of the trough, suddenly 
begins to display rigidity. The film has now attained an area 
beyond which it cannot be compressed without collapse. This 
area was found to be the same per molecule for all the fatty acids 
examined, and clearly corresponds with the area which the COOH 
group occupies on the surface of the water when the molecules 
are in contact with their axes parallel. The area is also in good 
agreement with X-ray crystal measurements on the fatty acids. 
If the force is increased beyond that needed to keep the molecules 
in contact, the film crumples and in parts becomes more than one 
molecule thick. 

The question whether the fatty acid in the film is in the liquid 
or the solid state is a matter merely of definition. If these films 
are gradually heated, a temperature is reached at which a change 
takes place analogous to a change of state: the minimum area of 
the film before crumpling sudde^y increases. If the temperature 
h mcreased still further the film continues to expand slowly, and 
it is interesting to note that the coefficient of expansion is now 
the same as that of a gas. At these temperatures the mutual 




108 THEORETICAL AND INORGANIC CHEMISTRY 

attraction of the molecules is not sufficient to overccnne the force 
of thermal agitation, which presumably takes place in two 
dimensions only. 
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CHAPTER III 


DYNAMICS OF CHEMICAL CHANGE 

EHect of conditions on chemical change — Le Chatelier's Law— Reversible 
reactions — ^The decomposition of hydrogen iodide— Reaction velocity — ^The 
Law of Mass-Action— heterogeneous sykems — Kinetic order of reaction— 
Unimolecular reactions — Pseudo-unimolecular reactions— Velocity equation 
for a unimolecular reaction — Bimolecular reactions — Rapid consecutive 
reactions— Effect of pressure-— Concentration of the reactants— Inhibition 
of reactions — Reactions in the human body. 

Appendix — Observations on a unimolecular reaction. 


Effect of Gooditions on Chemical Change.— All chemical reactions, 
with the exception of the radioactive changes which will be dealt 
with later (Chapter X), are influenced by the conditions under 
which they take place. In this chapter we shall begin the dis- 
cussion by referring to the effects of temperature, pressure, and 
the concaatrations of the reacting substances, and we shall 
subsequently have to deal with the influence of 14 [ht, various 
kinds of electric current or discharge, the presence or rigid exduaon 
of catalysts, and the nature of any surfaces in the reaction mixture, 
as well as with the energy relations that determine the course of 
the reaction. 

In investigating a reaction we are concerned with the nature of 
the products, the rdative quantities of each present when the 
reaction is finished, the vdocity with which they are formed, and 
the liberation or absorption of heat. All these may be, and usually 
are, affected by variation in the conditions specified in the previous 
paragraph, wMch must therefore be carefully controllra when 
measurements of any kind are to be made. We cannot b^in 
better than with Ls Chateuer’s Law, a principle of absolutely 
general application that often supplies the key to the bdiaviour 
of a system. 

lie CBtirtaHer’i Iaw.— ' If any change in the conditions of a aptm 
in equilflarium causes the ^mlibrinm to be displaced the displaoe- 
mart wfll be in such a direction as to oppose fhe effbct of the 
djange.' 

The applkaticms to change of temperature and pressure ate 
important and obvious. Consider the solubility oi a substance 
suw as potassium chknide which dimdves in watar with absorp^ 

ksati a saturated solutum the sdid is in equflibdiim 
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the solution, that is, in any interval of time as much of the salt 
dissolves as is precipitated. If now heat be supplied to the system 
the principle tells us that it will behave in such a way as to absorb 
it, that is, more potassium chloride will dissolve. This shows 
that the solubility of potassium chloride increases with the tem- 
perature, and the same reasoning can be applied to all substances 
which absorb heat when they dissolve. From an observed increase 
in the solubility with tempCTature we can also deduce aij absorption 
of heat on solution, and vice versa, and in the same ws|y it can be 
shown that heat must be absorbed in the fusion or evaporation of 
any substance. The application to changes of pressure^ is equally 
simple. Consider a mixture of ice and water at o® uivder atmo- 
spheric pressure. If now the pressure be increased the S37stem 
will change in such a way as to yield before the increased\ pressure 
by a reduction in volume, that is, the ice will melt, and to freeze 
it again under the new pressure it will be necessary to lower the 
temperature. Otherwise expressed, the melting-point of ice is 
reduced by increasing pressure because a given weight of ice at 
0® occupies a greater volume than an equal weight of water at 
the same temperature. The reverse is true of most other substances, 
whose melting-points thus rise with increasing pressure. , 
Beverrible Beaction 8 .--The final result of many of the reactions 
with which we are acquainted appears to be unaffected by variation 
in the conditions in which they are carried out. They proceed 
more or less quickly to a definite end at which the whole of the 
reactants, except any which may have been in excess, have been 
consumed, and only the products remain. Such actions are called 
irreversible. Thus if a current of nitric oxide at room temperature 
is allowed to e^pe into the air, the whole of the gas combines 
with atmospheric oxygen to form nitrogen ‘ peroxide.' 

2N0-)-02 — ►N 2 O 2 . 

Careful analy^ will show that the resulting mixture contains no 
detectable quantity of the lower oxide. On the other hand, reactions 
are Imown wWdi when once started proceed with a gradually de- 
cteasng velocity and finally appear to come to an end, not when the 
whole of the reactants have been decomposed, but at an inter- 
mediate stage at which some of the reactants are still present 
with the products. If now in another experiment the pure products 
in equal quantity are allowed to react, the change will ja-oceed 
backmrds until the same intermediate stage is reached. The 
leadsm. is in fact reversible. Undw given conditions of temperature 
awl ftesaire, the final stage will be the same vhethm we start 
’Mh thUfUrii^nal reactants cu with the jneducts in quantify equi- 
. ^ ttma. At Mris stage no reaction in either rfirection can 
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be detected and the system is in equilibrium, but it is more natural 
to suppose that both reactions are proceeding with equal and 
opposite velocities, that is, that the system is in dynamic rather 
than static equilibrium. The velocity of the change in either 
direction under given conditions can usually be calculated, and 
the advantage of the idea of dynamic equilibrium is that it ^ows 
the connection between reaction velocity and the stage at which 
equilibrium is reached. 

Closer examination of many apparently irreversible reactions will 
show that they only appear to be so because under the chosen con- 
ditions the equilibrium lies so far on one side as to be indistinguishable 
from completion of the reaction. To take the case quot^ above, 
we have only to heat nitrogen peroxide to, say, 700® for the back 
reaction to take place, and at about 1200® the decomposition of 
the peroxide into nitric oxide and oxygen appears itself to be 
complete and irreversible. At intermediate temperatures per- 
ceptible quantities of both reactants and products are present 
at equilibrium. When we say, therefore, fhat a reaction is irre- 
versible we mean nothing more than that under the chosen con- 
ditions the reactants are at equilibrium present in such small 
concentration as to escape detection. 

The DeoompoBition 0! BEydzogen Iodide.— As an example of a 
reversible reaction consider the dissociation of gaseous hydrogen 
iodide into hydrogen and iodine: 

2HI^H2+l2. 

If heated to e.g. 350® in a constant-temperature air-bath, hydrogen 
iodide will decompose in agreement with the equation and with 
gradually decreasing velocity, but when the reaction appears to 
have come to an end there v^l still be found hydrogen iodide in 
the bulb, in addition to hydrogen and gaseous iodine. If equi- 
molecular quantities of hydrogen and iodine in total weight equal to 
that of the hydrogen iodide taken in the first experiment be now 
heated to this temperature, they will combine with gradually de- 
creasing velocity until an equilibrium state is reached which will be 
absolutely identical with the first. This reversibility of the reaction 
is expre^ed by the arrows of the equation. If a mixture of 
hydrogen, iodine, and hydrogen iodide in the proportions of the 
equilibrium mixture be heated to 350® no change in composition will 
te^e place, but if any other mixture containing equimolecular 
quantities of hydrogen and iodine, together with hydrogen iodide, 
be heated to this temperature, a reaction will take place until the 
equilibrium proportion is reached, 

Vek^ty.— We now have to consider the velocity with 
which the forward and back reactions proceed. Before a hydrog^ 
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mdecule can combine with an iodine molecule it must come in 
contact with it by collision. The probability that in a short 
of time a given hydrogen molecule will collide with an 
iodine molecule will obviously be proportional to the number 
at iodine molecules in its neighbourhood, that is, to the number of 
iodine molecules per cubic centimetre, and will in fact be propor- 
tional to the concentration of iodine. Of a thousand hydrogen 
molecules the number which will combine per second |is therefore 
proportional to the iodine concentration. The total I number of 
molecular combinations that take place per second k therefore 
also proportional to the number of hydrogen molecules per cubic 
centimetre, that is, to the concentration of the hydrogm. If the 
total amount of hydrogen and iodine present at a given moment is 
a and b gram-molecules respectively, and the volume of th^ reaction 
vessel is V cubic centimetres, the velocity of combination, which 
represents the rate at which hydrogen iodide is formed, is 

• i ^-b 

*i-pr2' 

where is a constant. Now let y be the concentration of hydrogen 

iodide at any moment in gram-molecules per cubic cei^timetre. 
Then the velocity with which the hydrogen iodide will decompose 
is proportional to the number of collisions per second between 
two hydrogen iodide molecules, which is, as before. 


where is a constant. When the reaction has reached equilibrium 
the rate at which hydrogen iodide is formed must be equal to the 
rate at which it decomposes; hence, at equilibrium: 




or 


rv 


km 


tK, where iiC is a constant called the equilibrium 


tomUmt, The suffix « denotes the ambnnt i»'@ent at equilibrium. 
Eqmttioins of this land are often written in the form: 






sJC, 


where the square brackets indkate omceutration, or, in the tase 
of fUBf, i»easure. 
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It will be noticed that the expression for the equilibrium constant 
K has been brought into harmony with the chemical equation 

aHI^H^+If («) 

by the assumption that hydrogen iodide decomposes and hydrogen 
reacts with iodine only as the result of collisions between pairs of 
molecules. That such is the mode of action in the dissociation and 
formation of hydrogen halides is by no means immediately obvious, 
for we could imagine at least one alternative mode, such as 
(I) HX^H+X; (2) H+HX^Ha+X; (3) 2X^X„ where X 
represents the halogen. The final effect of this succession of changes 
is of course identical with that of the single equation (a), and it can 
easily be shown that the alternative scheme will not affect the 
expression for K, For the three equilibria (i), (2), and (3) we 
may -write: 

[H] [X]/[HX]=Ki. [HJ [X]/[H] [HX]=X*. [XJ/[X]*=X„ 
and we see that [XJ/HX]*=ii:. 

Nevertheless the modes of reaction differ radically when considered 
as chemical processes, and only experimental study can decide 
between them. It may be mentioned that (a) is found to be a true 
representation for hydrogen, iodine, and hydrogen iodide, but for 
hydrogen, bromine, and hydrogen bromide there is evidence that 
the mode of reaction is by way of such a succession of changes as 
(I), (2), and (3). 

Toe Law ot Maas-Action. — ^The relation that we have above 
deduced is a special case of what is called the Law of Mass-Action. 
Guldberg and Waage in 1864-7 developed by experimental studies 
the principle that the rate ai which a substance reacts is proportional 
to its active mass, by which is to be understood its molecular con* 
centration. The kernel of the theory is the idea of d}manaic 
equilibrium, which is indeed rather more than a convenient figment. 
For if hydrogen and iodine molecules— or a fixed proportion of 
them — combine when they collide, there is no reason to suppose 
that ttiey will suddenly cease to do so when an equilibrium con- 
centration of hydn^en iodide has been formed, nor is it probable 
that the decomposition of hydrogen iodide molecules is arrested by 
the presence of a certain concentration of hydrogen and iodine. 

The consideraticms'of the preceding paragraph encourage os to 
assume that the law of equilibrium ^ not depend on the actual 
chemical processes by which equilibrium is attains, and to gmeraUze 
our results. If n molecules of A react with m molecules m B, etc., 
in acocutdance with tire equation 
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at eqtiilibriam the expression 

[Ae]nB.]"[C,T» 


(or its reciprocal) 


will be a constant. Though the derivation was from a gas reaction, 
the law can equally well be applied to reactions that take place 
in solution. Nor is it confined to homogeneous reactions, by whidi 
is meant reactions which take place entirely in one phase, though 
a little further explanation is required before it can be applied to 
heterogeneous systems. Fortunately this law of mass action does 
not ultimately rest on our not wholly convincing argument based 
upon reaction velocities. It can be derived in the abo\y form in- 
dependently by the methods of thermod5mamics, of which science 
the characteristic feature is that the results of its applications are 
independent of mechanism, provided this satisfies certain general 
requirements, such as perfect reversibility. An alternative de- 
scription of the law of mass-action is the law of mobile equilibrium. 
This phrase emphasizes a fundamental feature of the law, for one 
or more of the concentrations in the numerator or denominator of 
the expression for K may be arbitrarily changed; then, provided 
the temperature is unchanged, the remaining concentrations will 
adjust themselves till the original value of K is restored. 'K itself 
can only be changed by a change of temperature. 

HdteiWeiieoas Systons. — Consider the decomposition of calcium 
carbonate into quicklime and carbon dioxide: 


CaCOj^^CaO+COg. 


The reaction is reversible, but how can we speak of the concentra- 
tion in the gas phase of a non-volatile substance such as calcium 
oxide? There is, in fact, no need to measure it, even if it could 
be measured, and it is necessary merely to note that it represents 
the vapour pressure of the oxide at the given temperature. Every 
substance, nowever far below its boiling-point, has some vapour 
pressure, and this pressure is indej^ndent of the weight of substance 
present, so long as some remains at equilibrium. The active 
mass of solids in the gaseous phase under given conditions of 
temp^ature and pressure is therefore a constant, and such an 
equation as 


[CaO] [CO J 
[CaCOJ 


^constant (JCJ becomes [CO^^xconstant 


a ocmciurion which can readily be verified by experiment. If 
calcium carbonate be heated to a constant temperature in a dosed 
evacuated vessel, it will decompose until the pressure of carbon 
read}^ a fixed value ttepending on tte temperature but 
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indepwident of the size of the vessel or the weight of calcium 
carbonate, provided that there is enough of the solid originally 
present for some to remain undecomposed at equilibrium. If the 
carbon dioxide is pumped away or allowed to escape from the 
vessel, the carbonate will continue to decompose till none remains; 
if, however, carbon dioxide at higher pressure is forced into the 
vessel, some of the gas will combine with the calcium oxide imtil 
the pressure has been restored to its equilibrium value. 

The constancy of the active mass of a solid in the gas phase can 
be extended to the liquid phase, and is in fact only mother way 
of stating the well-known phenomenon of saturation. If, for 
example, sugar and water are shaken up together at a fixed tem- 
perature, and there is not enough water to dissolve all the sugar, 
a point will be reached when no more sugar will dissolve. The 
solution is now saturated with sugar, whose active mass and 
concentration are constant and identical, for it is found that at a 
fixed temperature one cubic centimetre of a saturated aqueous 
solution of sugar always contains the same weight of sugar. This 
side of the question wifi be very important when we come to discuss 
the conditions under which substances can be precipitated from 
solution. 

Kinetic Order of Reaction. — ^We have seen that the equilibrium 
constant K can be regarded as the ratio of the velocity constants 
^2 and ki for the backward and forward reactions respectively: 

K^k^tky 

This relation, however, affords no information concerning the in- 
dividual values of either or Nor can we assume that for a 
reaction stated as 

nA+mB +/)C->products 

the reaction velocity found in experiment will agree with such an 
expression as 

Rate=A[A 3 »»[B]»«[C]^ 

We are again faced with the question of mechanism of reaction 
already touched on above. Consider the reaction in aqueous 
solution between hydrogen peroxide and hydriodic acid, expressed 
by the equation 

2HI + H202=2H20+l2 (I) 

Experiment proves conclusively that the rate of production of iodine 
is accurately given by the equation 

Rate==A[HI] (2) 

while a naive interpretation of equation (i) might suggest 

Rate=:.A[HI?[H20J (3) 
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Detailed investigation shows that the changes actually occurring 
are as follows: 


HI+H, 0 *=HI 0 +H ,0 (a) 

HI 0 +HI«I,+H ,0 (6) 


the stage (a) being very much slower than the stage (6). In these 
circumstances we see that the over-all rate of the reaction will be 
governed almost exclusively by (a), and equation {2) p explained, 
and equation (3) rejected. It may easily be understr ' why the 
reaction does not pursue the course indicated by the single equation 

(i). This mode of reaction would require the simultaneous collision 
of three molecules, an event enormously less frequint than a 
binary collision. ’ 

In general for a reaction expressed stoichiometric by the 
equation 

«A+wB=products, 


we find for the rate of reaction (by observing how the rate depends 
on concentration) 

Rate=A[A]-[B]^ 

where a and b are commonly but not necessarily integers, which 
may have the values, 2, i, or 0. The sum a +b only rarely epccee^ 2. 
If an index is zero it of course means that the concentration 
concerned is effectively constant during the reaction. This may 
come about in various ways, for example: 

(1) The reagent is present in great excess (p. 118) ; 

(2) The reagent is present as a solid, giving constant vapour 
pressure, or a fixed concentration in (saturated) solution (p. 114) ; 

(3) The reagent is a catalyst (p. 213). 

The sura is termed the total kinetic order of the reaction, 
while a single index such as a is called the order in respect to A, etc. 
While in a number of ample reactions it may emerge from experi- 
mental study that n^a, and nt^ssb, it must be strongly emphasized 
that in general the kinetic order cannot he deduced from the ordinary 
stcichiometrical equation, but must be sought in experiments 
dei^gned to reveal it. Not infrequently it may be found that one 
or more of the products may adversdy affect the progress of the 
forw^d reaction (see p. 217). The. concentration of such an 
^ inhibitor ' will appear in the expressibn for the rate with a negative 
index, i.e. in the denominator: 


Rate^k[AMB]V[iy. 

Some confusion exists in the twtmnolpgy of this subject. Re- 
ferring again to the reactkm 

2HI-fBgO,«2H,0+I, 
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we might logically use the description termolecular, since clearly 
three molecules are involved in the complete reaction. On the 
other hand, as we have seen, the total order is only two, and on this 
accoimt the description Hmolecular is often preferred, though 
somewhat illogically. The need for a clear distinction between 
kinetic order and the total number of reacting molecules was 
sharpened by the discovery of true unimolecular reactions, of the 
type A=products. Before this it was customary to use * uni- 
molecular ' as S5mon3nnous with first kinetic order, even in cases 
where it was quite clear that more than one species participated, in 
a reaction wherein only one concentration changed. This latter 
type of reaction is now often termed * pseudo-imimolecular.' 

Ummolecular Reactions. — ^Unimolectdar reactions are much less 
common than might be expected. Until 1925 only one homo- 
geneous unimolecular gas reaction was known, the decomposition 
of nitrogen pentoxide in accordance with the equations: 

na-^na+0* 

N,0,->N0+N0a 

N0+NA->3N0,. 

The last two reactions are incomparably faster than the first, which 
therefore determines the rate of the whole series. 

This is another example of a phenomenon already mentioned 
above, the only velocity we are usually able to measure being the 
slowest of a series, and changes that take place comparatively 
rapidly will elude our observation. 

When a quantitative study of the rate of decomposition of 
nitrogen pentoxide is made at a constant temperature, it is found 
that in unit time, say a second, a fixed proportion of the total weight 
of nitrogen pentoxide present at that moment suffers decomposi- 
tion. V^en one-half of it has d^X)mposed the rate of reaction has 
only half the value it had at the beginning of the change, and the 
reaction velocity gradually decreases untfi it becomes altogether 
imperceptible and no more pentoxide remains. The fraction of 
the tot^ weight transformed per second is independent of the 
pressure or concentration of the gas, and if at any time during the 
change the gas is compressed or allowed to expand, the rate of 
formation of the products in grams per second is quite unaffected* 
Nor is the velocity affected by diluting the gas with nitrogen or 
argon. Indeed, so little does the tendency to decomposition of 
a nitrogen pentoxide molecule app^ to depend on its surroundings 
that wheci the gas is dissolved in organic solvents the rate of 
decompositimi is approximately the same. 

At pdnt it will be as well to clear up a possible misunder- 
standing of the statement that the reactim velocity is independent 
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of the concentration. If the same weight of pentoxide is dissolved 
in various volumes of, say, carbon tetrachloride the products will be 
formed in each solution at an e<^ual rate in grams per second. 
On the other hand, if various weights of nitrogen pentoxide are 
dissolved in equal volumes of carbon tetrachloride the rate of 
formation of the products in grams ^r second will not be the same 
in each solution, but will be proportional to the original concentra- 
tion of each solution. The difference is only a matter of words, 
but it sometimes causes confusion. If at any time x gram-molecules 
of nitrogen pentoxide are present in V molecules of solvmt, the rate 
of decomposition is, by the principle of mass-action, gi^n by 


but this equation is clearly equivalent to 
{See further, p. 119). 

In recent years a number of homogeneous first-order gas reactions 
have been investigated, notably by Hinshelwood and his (^Uabora* 
tors. The majority consist of the decomposition of a comparatively 
complex organic molecule, e.g. diethyl ether, acetone, or ^dehydes, 
but none shows the simplicity of the decomposition of nitrogen 
pentoxide, which at present stands alone in this respect. Uni- 
molecular gas reactions will be fmiher considered in Chapter VII 
in connection with the energy-changes involved. 

Pkrado-oiiiinoleciilar Reactions.— Though not unknown, homo- 
geneous unimolecular reactions are likewise uncommon in the 
liquid phase. Many apparently unimolecular reactions appear to 
be so only because all the reactants except one are jnesent in large 
excess. Thus if hydrogen peroxide is added to a large excess of 
addified potassium iodide the following reaction takes place: 

H,0,-f2Kl4-2HCl-»^Ka-i-2H,0-l-I„ 

and the prr^ess of the change can be followed by estimating at 
intervals the iodine liberated. This was one of the first reactions 
whose vdodty was accurately measured (Harcourt and Esson, 
z866). Unda: the conditions named the reaction appears to be 
umnadecular, but this is only bM:ause the active masses of the 
m^e and add are so large wl^ ccnnpared with the active mass of 
the pmxide that they can be regarded as constant throughout the 
eiqptaimeat; the order in respect to these res^ents h zoo. If cme 
of the reactants of a bunolecular reaction is in large excess, the 
itiadian will for this reason appear to be unimokcuhur. This is a 



DYNAMICS OF CHEMICAL CHANGE 119 

common feature of reactions in fairly dilute aqueous solution in 
which the water itself plays a part, that is. in hydrolyses. Take 
as an example the hydrolysis of an ester such m ethyl acetate: 

CH,.C00CjH,+H,05^CHj.C00H+CsH,.0H 

Under the conditions in which the measurements are usually 
carried out there is twenty or thirty times as much water as ester 
in the mixture, and the active mass of the water suffers no appre- 
ciable variation throughout the experiment. The early stages of 
the hydrol 3 rsis, before the back reaction begins to make itseS felt, 
are therefore unimolecular, or appear to be so. The back reaction 
is bimolecular. and the change proceeds until the expression 

[CH,.C00H] [CjHj.OH] 

[CH,.C00C»HJ 

attains a definite constant value. This equilibrium value will be 
the same whether we start with ester and water or with a dilute 
solution of ester, acid, and alcohol in any proportions, provided 
always that the water is present in large excess. 

V^tocity Equation lor a TTnimoiecolai Reaction. — ^The course of 
a unimolecular reaction lends itself very readily to mathematical 
expression. Consider the decomposition of nitrogen pentoxide. 
Let a be the weight of pentoxide originally present, and x the weight 
present after a time t measured from the beginning of the reaction. 

Then the rate of reaction is — ^ (the negative sign means that x 

decreases with time), and as we find it to be proportional to x, 
we may put: 



where ^ is a constant. Hence: 

— or ki- s— loge^+integration-constante 

X 

To find the integration-constant we remember that at the beginiiing 
of the reaction t was o and x was equal to a. The integration- 
constant is fotmd by substituting these values in the equation, 
and is equal to logea, so that: 

^ tt=*logea-logeA:=loge|. 

This exponential relation is typical of xmimolecular xeactions. An 
example of the application of this equation to a series of obser- 
vations will be found in the Appendix to this chapter. Note that 
when. X is zero i is infimie, so tiiat no unimdlectnar reaction ewar 
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comes to an end, but in practice a time can always be found after 
winch the remaining reactant is present in such minute quantity 
as to be undetectable. It is, however, important to remember 
that there is no definite time after which the reaction is fbnished. 
If it be desired to express the reaction velocity in some such way, 
the * half-life period ’ is calculated. This is the time at which one- 
half of the reactant originally present has been decomposed, and is 
a perfectly definite quantity. 

At this point 

and A<=loge2, 


so that 


<=j.l0g.2. 


The half-life period is therefore inversely proportional to the 
velocity-constant k. It should be remembered that the uni- 
molecular reaction-velocity equation, in agreement with experience, 
contains no term referring to concentration. 

Bimolecnlar Reactions. — Homogeneous reactions are in large 
majority bimolecnlar. It appears that most reactions are brought 
about by the collision of two molecules, and as previously i^uggested 
the predominance of bimolecnlar reactions over those Of higher 
order is due to the relative improbablility of three or more mole- 
cules coming into contact at the same time. As an example of 
a bimolecular reaction we may take the decomposition of nitrous 

2 N, 0 -> 2 N,+ 0 ,. 


If nitrous oxide be confined at a high but constant temperature 
in a vessel fitted with a manometer, the pressure will be observed 
gradually to rise until it attains a value 50 per cent greater than 
its initial value. At this point the reaction is complete, since the 
number of molecules in the system is 50 per cent greater at the 
end than at the beginning. The rate at which the pressure in- 
creases is a measure of the rate at which the nitrous oxide 
depomposes.^ Let x be the fraction decomposed at a time t measured 
frmn the b^linning of the reaction, and let the pressure at this 
moment be p, while po was the pressure at the beginning of the 
reaction.- Then: 


p _ number of molecules present at time t (2 +3X 
p9 “numb^ of molecules present at beginning 2 






■I). 


^ be fSotted against the time, ^ can be 
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dx 

measored for various values of p and t, and ^ can be calculated 
from it by the relation: 

^ ^ 

This gives us the rate of decomposition at any moment, and we 
can see how it varies with x. If the decomposition is bimolecular: 

and it is found that this equation does truly express the rate of 
change. When different numbers of molecules appear on either 
side of a gas reaction its course can be most easily followed by 
noting the rate of change of the pressure. When this is not so, 
as for instance in the reaction: 

COj+Hg^CO+HA 

the velocity must usually be determined by analysis at fixed 
intervals. 

As an example of a homogeneous gaseous termolecular reaction 
we may quote the formation of nitrogen dioxide from nitric oxide 
and oxygen: 

2N0+02->2N08. 

The rate of formation of nitrogen dioxide at any moment is given 
by the equation: 

BajM Ckmseoative Reactions. — ^An interesting reaction taking 
place in solution is that usually written: 

HSCN + 3HA -► HCN + H,S04 + H,0. 
thiocyanic hydrocyanic 

acid acid 

It might be supposed that this reaction is quadrimolecular. The 
velocity is, however, foimd to be proportional to 

[HSCN] [HjOJ*, 

so that the reaction which determines the velocity appears to be: 

HSCN+aHA-^HCN+aHjO+SO,. 

The sulphur dioxide would then be oxidized by a forHier molecule 
of hydrogen peroxide: 

S 0 ,+HA-^H,S 04 . 

This second change has been shown by experiment to be much mcne 
ra|^ HuA the and has no eSect on the observed velodty of 
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thfi total change, which is therefore termolecular. This again illus- 
trates the difference that may be found between the observ^ order 
of a reaction and the order suggested by the equation. Reactions 
of higher order than the third are very rare. 

When the results of an investigation of reaction velocity show 
the reaction to follow a course other than that required by the 
or^nary equation, it is usually easy to devise a series of reactions 
to fit the observed facts. But in so doing caution must bi exercised, 
and it must be shown that reactions supposed to take place rapidly 
actually do so in fact. Hypothetical intermediate prodifcts should 
if possible be isolated and their reactions studied. In the thiocyanic 
acid oxidation which has just been mentioned these precautions 
have been observed, and experiment shows that sulphu)^ dioxide 
really is rapidly oxidized to sulphuric acid by hydrogen peroxide. 
Neglect of such precautions has led to much faulty theorizing. 

Effect ol Prearare.— At this stage it will be as well to consider 
in general terms the effect on the equilibrium of changes of pressure 
or volume. Let a gaseous system be in equilibrium, and let the 
pressure on it be increased. Then we know from Le Chatelier's 
principle that the equilibrium will, if possible, shift in such a way as 
to oppose the increase of pressure. To see how this comes about let 
us consider the gaseous S3^tem 

zNOj^zNO-fOg, 

formed from pure NO2 at a constant temperature, and under a totad 
pressure P. Then if and p^ are respectively the partial pressures 
of nitrogen dioxide and oxygen, the partial pressure of nitric oxide 
is 2^2* Hence pi+3p2=^P^ Since, by Boyle's law, the concentra- 
tion of a gas, in ^am-molecules per c.c., is proportional to its partial 
pressure, the existence of equilibrium requires, by the law of mass- 
action (p. 113), 

tbe total volume of the S3^em be now halved by a sufficient 
inctease in the total pressure. If no chemical change occurred the 
required pressure is, by Boyle’s law, equal to sP, and since all 
partial pressures would be doubled, the equilibrium would require 

{4p^.{2PMx!i‘-^K'=2K. 

Birt K must remain unchanged since the temperature is constant. 

a chemical change must take place, rraudng K' to K, i.e. 
inci^easit^ at the expet^ of p^. which means the formation of 
mfepogra dioxide from nitric oxide and oxygen. Since this change 
redo^ the total number of molecules in the system, the actual 
{Weasuie will sink below 2P. Le Chatelier’s principle is thus 
iqp^tive, to atmul partially the increase of pessnre expected by 
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Boyle's law to achieve a given decrease of volume. The effect of 
an increase of pressure on a gaseous system in equilibrium is thus 
in general to cause, if possible, a shift of the composition of the 
gaseous mixture towards one occupying a lesser volume, or, more 
simply expressed, a reduction in the total number of molecules in 
the system. Decrease of pressure has the opposite effect. 

In gas reactions in which equal numbers of molecules appear on 
each side of the equation, alterations of pressure have no effect on 
the equilibrium. An example is furnished by the decomposition 
of hydrogen iodide, and we have already seen that the equilibrium 
equation need contain only the weights of reactant and products, 
since V can be cancelled in the final expression. 

The effect of alterations of pressure can be quantitatively deduced 
from the equilibrium equation, since the equilibrium constant K, 
though dependent on temperature, is independent of the pressure. 
The technically very important synthesis of ammonia will serve 
as an example. At a given temperature let the partial pressures of 
nitrogen, hydrogen, and ammonia at equilibrium be and 

Then 


^ 0 *^ 0 ^, 
2 ' 


K. 


Now let the pressure on the system be doubled. To simplify the 
calculation let us assume, as is always the case in tec^cal 
practice, that the partial pressure of ammonia is small com- 
pared with the partial pressures of the nitrogen and hydrogen. 
Then when the total pressure is doubled the partial pressures of 
nitrogen and hydrogen at equilibrium (we will call the new equili- 
brium partial pressures «i, b^, and Cj) will also be approximately 
doubled, since we can neglect the decrease due to the formation 
of more ammonia. Then: 




=iC= 






Ci» Cl- 

i6.aft,6o® ifiiiCco* 

~K K 






We see that the partial pressure of ammonia has been quadrupled 
by the increase of pressure, while the partial pressure of the reactants 
has only been doubled. The fractional yields of ammonia from 

nitrogen are equal to ^ and and since Cit=4Co and 

the second fractional yield is twice the first* By dmibling the 
pres^ne we have therefore douUed the fractional yidd of ammonda, 
and it can easily be shown timt if the fractional jddd cd ammonia 
is amdl it is mrectly^ proportiorial to the total pressure on the 
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The commercial synthesis of ammonia is in fact only 
msSt possible by the use of very high pressures^ as we shall see 
we come to discuss the process in detail (p. 388). 

Ckmeantration of the Reactants.— When a reaction is being carried 
out with the object of securing the product in maximum yield, 
there must be chosen not only the best temperature and pressure 
but also the most suitable proportion between the res^tants. In 
a reversible reaction the best yield from all the reactants is always 
obtained from the mixture in equivalent proportions Thus in 
the sjmthesis of ammonia both nitrogen and hydrogen nave to be 
artifiaally prepared, and economical working requires \ that they 
should be mixed in the proportion of one volrnne of nitrogen to 
three of hydrogen. As is common in industrial pral^tice, the 
gases are not allowed to reach a stage of approximate equilibrium, 
since this would take inconveniently long. The mixed gases are 
therefore allowed to leave the reaction chamber before the equili- 
brium concentration of ammonia has been reached, and the ammonia 
is removed at a lower temperature. The remaining nitrogen and 
hydrogen, which are still in the correct proportions, are then mixed 
with fresh gas and again passed through the reaction chamber, 
and so the cycle goes on. By the removal of one of the products 
a reversible reaction can be made to go to completion, but if the 
yield of each operation is very small the process may become too 
slow to be economic. 

In reactions where one reactant, such as water or air, is very 
much more abundant than the others, the best 5deld from the 
practical point of view is usually obtained by having this reactant 
present in excess. Consider as an example the oxidation of sulphur 
dioxide by atmospheric oxygen in the contact process for the 
manufacture of sulphuric acid: 

2 SO 2 ”1" 02^2S0j. 

Tl^ ^ion is reversible and it can be shown from Le Chatelier’s 
principle or from the equilibrium equation that the formation of 
the trioxide is favoured by high pressure. It can likewise be shown 
that at a given temperature and total pressure the percentage 
yidki «rf sulphur trioxide can be indefinitely improved by increasing 
partial pressm dt oxygen as comp^ed with the partial pressure 
ofv Splphur dioxide in the reaction mixture. From the point of 
viffW of economy the percentage conversion is the important factor, 
stnee tlie sulphur dioxide must be obtained by burning ^phur or 
imii^mKiontaining materials, while the air costs nothing. On the 
oCtaer band, if the air is in vesj large excess, time mi meigy will 
be pspmded in pipping thiou|^ the system a gasemta 
ppafei ag cady a scaaH fractiem of sulphur dioxide. Anii^etMe^te 
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proportion must therefore be chosen which approximately satisfies 
both conditions. 

KoliOfition ollteaciic^ interesting example of inhibition, and 

of the type of explanation that may be advanced, can be found in the 
very important reaction occurring in the nitration of aromatic hydro- 
carbons. In the case of the nitration of benzene, C^He, the net re- 
action can be written in the equation CeHe+HNOa^CeH^NOa+HjO, 
but abundant experimental evidence has accumulated that the 
actual nitrating agent is not molecular nitric acid but the so-called 
nitronium ion (NOj|)+ derived from it. When the acid is concen- 
trated or is dissolved in organic solvents it undergoes an imexpected 
form of ionization, according to the equations: 

HN03^N02++0H- 

HN 0 ,-f 0 H“^H 30 +N 03 -, 

which may be summed in the form 

2HN0a^N0a++N08-+Ha0 

It is thought that this equilibrium is rapidly established, but the 
ensuing reaction between the hydrocarbon and the nitrating agent 
is relatively slow; the rate of this reaction is determined, for a given 
concentration of hydrocarbon, by the concentration of the cation 
NOa^. It is however readily seen that the addition of nitrates, Le. 
NO3*" ion, to the reaction mixture, must, by driving the equilibrium 
in which it is present to the left, adversely gdfect the concentration of 
the cation NOa***. It is found, in complete accordance with this 
theory, that the rate of nitration by nitric acid in organic solvents 
is inversely proportional to the concentration of nitrate ion. 

The reader will perhaps be interested to deduce, on the lines of the 
above argument, from equation (2) on p. 113 the known fact that 
the product hydrogen bromide restrains the rate of its formation 
from molecular hydrogen and bromine, and to convince himself that 
no such restraint will operate on the combination of hydrogen and 
iodine. 

Beaetioiis in the Human Body. — Health depends on the delicate 
balance between numerous reactions which take place in the human 
body, and to preserve this balance a constant temperature is 
neceiary. The body is a highly efBcient thermostat, operating 
with a normal variation of less than half a Centigrade degree ot^r 
a raii^ of ccmditions which few artificial thermostats w required 
to suw. Heat is supplied by oxidation processes, and is dissipated 
Iw evipptat^ The rate of cooling can he increased 

if m^mry by pers|ritation, but if the atmosphm is nearly 
saturated with water the process is not very effective, as evaporation 
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takes place very slowly in these conditions. This is why a hot, 
humid climate is so difi&cult to bear. 

If the thermostatic arrangements fail, the chemical equilibria in 
the body are disturbed and the patient becomes ill. 


APPENDIX TO CHAPTER III 

Observations on a Unimolecular Reaction.— In the presence of an 
excess of a strong acid, bromine water reacts with formic ac^d according 
to the equation: 

Br, 4-H.COOH «2HBr 4-CO, f . 

If the formic acid is in large excess in comparison with this bromine, 
the reaction appears to be unimolecular. \ 

In the following experiment a solution of sodium formate and 
hydrochloric acid was mixed with dilute bromine-water. Before and 



Fig. 27. Course or ▲ Unimolecular Reaction 


after mixing, the solutions were kept in a thermostat at 18®, The 
Initial concentrations of the mixture were: so^um formate, 0*2 molar; 
hydrochloric acid, 3 molar; teomine *0034 nw>lar {i.e. *0034 gram- 
molecules of Br, per litre). The initiai volume of the mixture was 
500 C.C., and at ten-minute intervals from the time of mixing (at which 
f 50 c-c. portions were withdrawn and anal3rsed for free bromine 
by addition to excess of potassium iodide solution followed by titration 
against sodium thiosulphate. The table shows the results obtained: 
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Time in Minutes 

Bromine Concentration 



t 

(gram-molecules per litre) 

X 

X 

0 

0*00340 

0 


[10 

0*00297 

0*0587 

0*00591 

20 

0*00241 

0*1498 

0*0075 

30 

0*00197 

0*2368 

0*0079 

40 

0*00166 

0*3114 

0*0078 

50 

0*00139 

0*3885 

0*0078 

60 

0*00114 

0*4746 

0*0079 

70 

0*00096 

0*5492 

0*0078 

80 

0*00075 

0*6564 

0*0082 

90 

0*00065 

0*7186 

0*0080 

100 

0*00053 

0*8072 

0*0081 


It is obvious that the value of k is approximately constant. In 
the diagram (Fig. 27) the bromine concentration is plotted against the 
time. Since the reaction never comes completely to an end, the curve 


is asymptotic to the axis of time. 
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CHAPTER IV 


THE NATURE OF SOLUTION 

Solutions — ^Solubility—Efiect of temperature — Hydrates— -Sofcbility and 
chemical composition— Solubility and chemical behaviour— ijecrystalliza- 
tion— Osmotic pressure— Vapour pressure— Calculation of osm&c pressure 
— Freezing- and boiling-points— Determination of boiling-j)o1^t— Deter- 
mination of freezing-point — ^Molecular weight of electrolytes in solution — 
The dissociation theory— Faraday's laws of electrol 3 rsis— Magnitude of 
the ionic charge— Osmotic effect of electrolytes— Electrical conductivity— 
The law of independent mobility of ions^^stwald's dilution law— The 
anomaly of strong electrolytes — ^The complete dissociation theory — 
Debye and Huckel's theory— Transport numbers — Ionic mobilities — ^The 
hydration of iona— Results of conductivity work in water— The activity 
concept — Non-a<iueous solutions — Results of conductivity work in non- 
aqueous solutions — ^Effect of the dielectric constant — ^Hydroxylic solvents — 
Ionization and Fajans' theory— Evidence for the dissociation theory. 

Soltitioiu.— The idea of solutions is familiar to every student of 
chemistry. Inorganic chemistry is in the main the study of fluids, 
and it is usually so much easier to dissolve a substance than to 
vaporise it that solutions play a predominant part. 

In this chapter we shall consider only liquid solutions, in which 
the sohtU or dissolved substance may be a solid, liquid, or gas. 
There is no rigid distinction between homogeneous mixtures of 
two liquids and a solution of one in the other, but it is usual to 
speak of solutions only when one constituent is present in large 
excess. For example 95 grams of water and 5 grams of alcohol 
may properly be c^ed a solution of alcohol in water, 50 grams of 
eadh is a m^ure of water and alcohol, and 5 grams of wat^ and 
95 grams df alcohol is a solution of water in alcohol. Most of 
the solutions with which we have to deal in inorganic Chern- 
iy are^ aqueous solutions, not on^ because water is the most 
abundant solvent but also because it is the only one in which 
moat i&oigani£ compounds are sufficientl3r soluble. It is for this 
reason that the prop^ies of aqueous solutiohs are of such immense 
is^iortance to the chemist, and why thdr better elucidation in the 
coarse of the last forty or fifty years has been of so great a service 
to science. 

lOhiUlttj.— The phenomenon of saturation is so wdl known that 
It mtsd not trouble us here. Frmn the easiest times it has heea 

. IS8'' ' ' ■ 
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understood that a given mass or volume of solvent cannot dissolve 
more than a fixed w^ht of solute at a given temperature. By 
evaporating the solution or by cooling it this weight may often be 
exceeded, but the solution is then in an unstable state of super- 
saturation and by various devices can be made to deposit the 
whole excess of solute over the fixed weight. This deposition 
may be brought about by shock, or by introducing into the solution 
a ft^agment — ^the minutest particle is enough — of the solid solute 
or of a crystal isomorphous with it. The result of this process, 
which is called seeding or inoculation, is that crystals grow out from 
the solid particle. It is often possible to prepare solutions — ^for 
example those of calcium nitrate — so supersaturated that on 
inoculation they set solid. The weight of solute in unit weight or 
volume at a given temperature in equilibrium with excess of solute 
is called the solubility at that temperature: in other words, solubility 
is the composition of the saturated solution. Solubilities must 
always be measured in the presence of excess of the solute, as 
there is otherwise no means of making sure that the solution really 
is saturated, and sufficient time must always be allowed — it is often 
surprisingly long — to allow equilibrium to be established. At this 
point as much solute enters the solution as leaves it, and the con- 
centration of the solution therefore remains constant. Solubilities 
can be expressed in at least four ways, and it is important when 
referring to them to make it quite clear which is intended. Using 
grams and litres the principal ways are: 

1. Grams solute per ml., 100 ml., or litre of solution. 

2. „ „ „ gm., 100 gm., or 1000 gm. of solution. 

3. „ „ „ ml., 100 ml., or litre of solvent. 

4. „ „ „ gm., 100 gm., or 1000 gm. of solvent. 

Of these the first is usually the best, because for ordinary work 
solutions are usually made up by volume and the solubility is then 
a direct measure of the weight of solute required. To convert 
I to 2 or vice versa the density of the solution must be known, and 
to convert 3 to 4 or vice versa the density of the solvent. To 
convert z or 2 to 3 or 4 we must know the change of volume on 
adding the solute to the solvent. These distinctions are specially 
important in concentrated solutions, and -such an expression as 
' a 20-per-cent solution ’ should never be used m exact work, as it 
may be misinterpreted. 

meetd process of solution is always attended 

by either the libmtion or absorption of heat. Frrnn Le Chateiier's 
ptndpte we Imow that the solubility of substances that absorb 
Wt when they dissolve will increase with temperature, whereas 
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the reverse is true of substances that give out heat on solution. 
Most substances belong to the first class, and are more soluble in 



the hot solvent. Examples of both t3T)es are shown in Fig. 28. 
The behaviour of some substances is riiore complicated, and their 
solubility curves, that is, the curves obtained by plotting solubility 



temperature, show abrupt changes of direction. These 
hmaihs in the curve me due to the formation of compounds between 
soiveitt and solute whddt mcist <mly between definite Unfits of 




THE NATURE OF SOLUTION 131 

temperature. Sodium sulphate is one of the best examples of this 
behaviour, and its solubility curve is shown in Fig. 29. Above 
32® only the anhydrous sdt crystallizes from so&um sulphate 
solutions, the hydrates being incapable of existence above this 
temperature, ITie anhydrous salt has a negative temperature- 
coefficient of solubility. Below 32® two hydrates can exist, having 
the formulae Na2S04.7H20 and Na2S04.ioH20, the former being 
the more soluble. If a , solution of sodium sulphate is quickly 
cooled to a temperature at which it is supersaturated with respect 
to these hydrates, either may appear in the solid state, but tile 
heptahydrate (Na2S04.7H20) is precipitated more frequently than 
the decahydrate. It is nearly always found, in other systems as 
in this one, that when the crystallization of two forms is possible, 
the more soluble Ctystallizes first. This principle governs spon- 
taneous crystallization, but by inoculation with a crystal of the 
desired substance supersaturated solutions of sodium sulphate can 
be made to deposit either hydrate at will. Inspection of these 
curves shows that in stating solubility it is essential to name the 
hydrate to which the measurements refer, i.e. the nature of the 
solid phase in equilibrium with the solution. 


im 


so 100 ISO 200 250 300 350 400 4 S 0 SCO SSO 

Gms. Fe Cl, per 100 ^ns water — ► 

Flo. 30 . SoLUBiuTY OF Fbksic CblOkidb 

BMntML — ^The equilibrium conditions between salts and their 
st^utkms urill be dealt with more fuUy vdien we come to the phase 
rule {Chapter V), but brief allusion must bee be made to the 
bc^viour of salts whose hydrates are stable at their mdting-pc^ts. 
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Whm these h3rdrates are heated the salt dissolves in its own water 
of crystallhsation, and the solubility curve shows a maximum. 
Thm ferric chloride dodecahydrate ^ig. melts at 37°, and at 
this temperature the solid hydrate is in equilibrium with an aqueous 
sohtrion of ferric chloride of the same composition. The hydrate 
in the solid or liquid state behaves as a chemical indiyidu^, and 
its melting-point is depressed by the addition either bf water or 
of the anhydrous salt. The other hydrates behave ip a similar 
way, and on plotting the solubility of the anhydrous ^t against 
the temperature we get the fam^ar cascade curve. \The small 
figures above the maxima indicate the number of moleculp of water 
associated with two molecules of ferric chloride. \ 

In the evaporation of ferric chloride solutions a series bf fusions 
and solidifications will be observed. As water is removed and the 
temperature rises each hydrate melts, and then solidifies as a 
mixture with the next hydrate when the water necessary to its 
existence has been driven off. Finally the last hydrate, FeClg.2HjO, 
is broken down, and the curve rises sharply with no further breads. 

Solnliility and Chemical Gompoeitbn.— No general quantitative 
law is known connecting the solubility with the other properties 
of solvent and solute, and this is perhaps not surprising m view of 
the number and complexity of the factors which infiuence solubility. 
The dielectric constant of the solvent, the stability of hydrates or 
other compounds between solvent and solute, and the molecular 
(xmdition of the solute in solution, all come into play. Relations 
are known for particular groups of compounds, but they are entirely 
empirical and are subject to exceptions. As an exaunple we may 
mention Absgg's Rule that the solubility in water of the salts of 
the alkali-metals with strong adds decreases from lithium to caesium, 
while their salts with weak acids observe the reverse order. Sodium 
diloride, which ova: a considerable range of temperature is less 
solntte than potassium chloride, is an exception. 

S ol ob ili t y CBiemioal Bdhavioor. — In spite of the difficulty of pre- 

dicting it from theoretical considerations, the solubility of a substance 
in irater is frequently of such importance as largely to determine its 
dbu^Bucal bdiaviour. At equilibrium the concentration and conse- 
qumtly the active mass of a substance cannot exceed the solubility, 
and is a constant if the undissolved substance be present, so that 
as solutions it usually controls the course of any reaction taking 
place. For example, when solutions of silver salts mid chlorides 
are brought into contact the immediate effect is the predpitation 
irf the insoluble silver chloride. If a substance is insoluble in water 
it can usually be most readily pn|«aed in a state (ff purity by 
««chpitation, and the relative s(dabiities of salts can often be used 
pmification .of one or boffi. ^ A good examine is funadied 
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by the preparation of potassium salts from the Stassfurt deposits 
in GOTnany, which are believed to have been laid down by the 
evaporation of an inland sea. They consist chiefly of the chlorides 
of sodium, magnesium, and potassium, together with magnesium 
sulphate. The valuable constituents are the potassium salts, 
which are extracted by making use of the fact that in the neighbour- 
hood of 100® sodium chloride is less soluble than potassium dhloride. 
Sodium chloride is readily deposited from the mixed solution, 
leaving the potassium salt with a small proportion of sodium and 
magnesium salts, which can be still further reduced by crystallization 
and washing. 

The solubility of gases decreases with rising temperature, and 
if a gas cannot be expelled from a solution by tailing it is probably 
combined with the solvent. 

Becrsnrtallization. — Recrystallization, perhaps the most commonly 
used of all methods of punfication, requires the use of a solvent in 
which the solubility of the substance to be purified has a high 
positive temperature-coefficient. A saturated solution in the hot 
solvent is prepared, and as large a proportion as possible of the 
substance is recovered by cooling the solution and collecting the 
precipitate. The impurities remain in solution, as they are not 
present in sufficient quantity to form a saturated solution. Never- 
theless some of the impurity usually finds its way into the preci- 
pitate, particularly if it is isomorphous with the substance to be 
purified, and as isomoiphous substances are those most likely to 
occur as impurities, recrystallization is usually carried out more 
than once. If the substances form mixed crystsds in all proportions, 
recrystallization as a means of purification is much reduced in value. 
The most serious disadvantage of the method is the loss of material 
entailed, and if the supply is limited it is worth while going to some 
trouble to find a solvent in which the temperature-coefficient pf 
the solubility is sufficiently large to reduce the loss to a minimum. 

Osmotic ProBSure. — ^A fundamental property of solutions is the 
osmotic pressure, and though the difficulty of measuring it directly 
has been a bar to its practical use, yet its consequences are of the 
greatest practical importance. Osmosis was described by Du- 
TROCHET in 1726, and again in 1750 by the Abb6 Nollet, whose 
treatise on physics enjoyed a wide circulation in the eighteoith 
century, NoUet found that if water and spirit of* wine were 
separated by a blazer, the water would pass through the bladder 
to dilute the spixit of wine, and if this was confined In a glass 
vessd w»uld cause the bladder covering it to expand and burst. In 
3:867 themical membranes were prepared for the first time by 
MomtE Traube, and were employed by the botanist Pfeffer in 
his faiiious SGtks of measurements of osmotic pressure. He used a 
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membrane of copper ferrocyanide, precipitated within the pores of a 
clay vessel by filling it with a solution of potassium ferrocyanide and 
immersing the whole in a solution of copper sulphate. The improve- 
ments introduced by later workers included the passage of an electric 
current from one solution to the other while the membrane is being 
formed, and the use of higher pressures in forming the membrane. 

Membranes which allow the passage of solvent but prevent that 
of dissolved substances are termed semi-permeable with r^pect to the 
solvent and solute. It is found that if a porous pot in which such a 
membrane has been precipitated be filled with, say, \cane-sugar 
solution and immersed in water, then the water will paW into the 
pot through the membrane and will dilute the sugar solution. Tbe 
latter will rise to a height that may reach several feet unles^ pressure 
be applied to it to prevent it. Theoretically the sugar solution will 


Watv 

Gauge 


Fig. 31. Berkeixy and Hartley’s Apparatus (Diagrammatic) 

rise to such a height that the osmotic pressure exactly balances the 
tendency to osmosis, but the difficulty of preparing membranes 
that will stand a large pressure on one side has prevented the general 
use of this method for measurement. To serve for an accurate 
determination of osmotic pressure a membrane must be perfect in 
two senses; (i) it must be macroscopically continuous without 
apertures, (2) it must be perfectly semi-permeable, i.e. it must be 
cmn^fetely ^pervious to solute. One can hope to satisfy the first 
requirement by careful attention to detail in the preparation, but 
the second' presents difficulties unsurmoimted to the present. The 
facts are that for a direct measurement of the osmotic pressure of 
aqueous solutions there is only one possible solute — cane-sugar — 
and only one memlwane— copper ferrocyanide. Otho: membranes 
are never perfectly semi-pomeable to any simple solute in aqueous 
sctotion, while copper forocyanide is strictly impervious only to 
cane-si:^;ar. Hence direct osmotic data, aluiough now very full 
and accurate for the matmals mentioned, areexceptkaially meagre 
'k i^tapect to variety of solute <»: solvent. In the apjoratus used by 
the Eabx. of BERKEtEY and E. G. J. Hartisy, an extwnal pressure 
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exactly sufficient to prevent motion of water through the membrane 
is applied to the solution. The osmotic pressure of the solution is 
then represented by the external pressure, and dilution of the 
original solution by the entry of water through the membrane is 
avoided. The membrane was precipitated in a porcelain tube (see 
diagram) which contained the solution and was enclosed in a cylin- 
driSil vessel containing water. Pressure was applied to a narrow 
tube connected with the solution until the liquid level in the narrow 
tube had no tendency eith^ to rise or to fall; the pressure necessary 
to bring this about is the osmotic pressure. The chief advantage 
of this method of operation lies in the saving of time required to test 
the * perfection ' of a prepared membrane. If the membrane is 
defective it will not usudly fail entirely to promote osmosis, but the 
pressure registered will fall short of the true pressure. Hence the 
only way to ascertain the true (maximal) pressure is to prepare and' 
test a number of membranes, and as, in the classical method of 
Pfeffer, the maximum pressure is very slowly reached, experiments 
by this direct method are extremely prolonged and tedious. 

Vapour Pressure. — It is well known that the vapour pressure of 
solvent over solutions is lower than that over the pure solvent. 
The boiling-point of a solution (of non-volatile solute) is above 
that of the solvent, because the boiling-point is the temperature 



to whidi the liquid must be raised to make its vapour pressure 
equal to (standard) atmospheric pressure. The diagram (Fig. 32} 
shows the variation of the vapoiu: pressure of water, and that ox 
two aqueous solutions, with the temperature, the boQing-points 
being indicated by the points A, Bx, and where the curves 
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cross the 760-mni. mark. It is suggested the diagram, and 
can be rigWy proved by thermod3manucs, that for small concentra- 
tions AB is proportions to AC, that is, the rise in the boffing-point 
is proportional to the decrease of the vapotir pressure. The same 
considerations apply to the lowering of freezing-point, and both 
conclusions have been abundantly verified by experiment. A 
mixture containing a totS of n gm.-mols., of which n-fttB are of the 
species A and »b of the species B, may be regarded asiderived from 
n gm.-mols. of A by the withdrawal of »b of its mois., and then- 
replacement by «B gm.-mols. of B. On this simple -vi^ we should 
expect the vapour pressure of A to be reduced pA to 

^A.»A/(»A+«B)=^A-iV’A. Na is termed the molar frou of A in 
the mixture. Ine same argument is applicable to vapour 
pressure of the second constituent B. Hence we should have for 
the partial pressures pA and pB arising from the mixture 

pK =^aNa=^a(i — Nb) , 
pB ' =PbN b —Pb{^ —N a) , 

whence, if we express the reduction of vapour pressure by 6 p, 

^aJPa=Nb, and ^PbIPb—Na- j 

The expression is known as the relative lowering of the vapour 
pressure. If B is effectively non-volatile, then Pa' is the total 

vapour pressure over the solution. The 
truth of the above the<w may be in- 
directly tested by tracing a relation 
between osmotic pressure and lowering 
of vapour pressure. 

Oaicalaami of Oimotio Pteasiae.— 

Consider a solution of a non-volatile 
solute in equilibrium with the pure 
solvent and communicating with it 
through a semi-permeable membrane 
which allows the solvent molecules to 
pass through it freely but cannot be 
penetrated by the solute (Fig. 33). The 
solution will rise above the level of the 
solvent to a height j^portional to the 
osmotic pressure. Call this height h. 
Let p^ and p^ be the vapour pressure 
33. Vapoub Piocsgtnn ^ solvent and solution res^tively, 
. AKu Osiumc PxBSKTiiB snd d the den^ty of the sohrucm. Let 

d' be the damty of the vapour. 

if TO assume that p* — ^ Is small eoo^h for the 

trwalsdian of the vigour damity d* m the vapout ocmmm to be 
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negligible, and that the vapour obeys the ideal gas law, then 
we have 

pV^RT. V^MId\ and hd^U 

where M is the molecular weight of the vapour, and 77 the osmotic 
pressure. Together these equations give 

77 /( 7 = (Ur IM){ 5 plp ) = ( nr IM)N^^ {constant)JVA. 

This result may now be submitted to experimental proof by using 
the data on the osmotic pressure of aqueous solutions of cane-sugar 
collected in the table below. The first line, labelled m, gives the 
composition of the solution as gram-molecules of sugar per kilogram 
of wat^. 


m 

0®2 

0*4 

0*6 

0-8 

1-0 


1*025 

1-049 

1*070 

1-090 

i-io8 

n (atm., 15®) 

5-03 

10-03 

15*27 

20*72 

26-42 

Did 

4-91 

9.56 

14-27 

19-01 

23*85 

{ nid ) -T-w 

* 4*5 

23.9 

238 

23-8 

23*85 


Osmotic Pressure of Cane-sugar Solutions 


The solutions shown in the table are sufficiently dilute for the 
quantity m, which is proportional to the molar ratio in the solution, 
to be set equal to the molar fraction, within the limits of error in 
the determinations of the osmotic pressure. The quotient in the 
last line shows by its constancy that our theoretical result is ex- 
cellently confirmed. 

When Na becomes vanishingly small, the density d will be that of 
the pure solvent, and our expression for the osmotic pressure is 
easily shown to reduce to * 

72 F,«Jir, 

where Fjisthe volume of solution (or solvent) containing i gm. moL 
of the solute. This simplified equation, strikingly analogous to 
the ideal gas law, may be used for an approximate escalation of the 
osmotic pressures of solutions more dilute thaii about 0*1 gm. mol. 
per litre. It is of interest to calculate, from the simplified equation, 
the osmotic pressures of the solutions given in the above table: 


m 

0-2 

0-4 

0*6 

0-8 

i-o 

n (obs.) 

5*03 

10-03 

15*27 

20-72 

26-42 

n (calc.) 

4*53 

8-72 

12-59 

16-17 

19*50 


The very large errors must be ascribed to the falsity of the simple 
law, and not to a failure in the fundamental premises about the 
relative lowering of vapour pressure, for a constant and accurate 
estiinete of ttie molecular weight of cane-sugar (34a) is obtained 
from the fireezing*points of all the above soluwns (see Mtow). 

The iediowing exaiui^ will make dear the calculation of the 
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oanotic pressure of a solution of sufficient dilution. Pfeffer 
measured the osmotic pressure at 36® C. of a solution containing 
9‘99 gm. of sugar per litre of solution. Since the molecular weight 
of sugar is 342, the volume containing a gram-molecule of the 

solute is litres =34*2 litres. As a consequence of the formal 

analogy between the gas law pV^RT and the simplified osmotic 
law J 7 Fs— nr, the osmotic pressure is equal to the wessure of one 
mole of gas at 36® and occupying a volume of 34*2 litres, which is 

22*4 X (27^ * 4 *^ 6 ) \ 

— X 760 =564 mm. of mercury. The osmotic pressure 

found by experiment was 567 mm. of mercury — a difference of less 
than I per cent. ' 

Freezing- and Boiling-points.— We have seen above (p. 135) that 
the depression of freezing-point, or the elevation of boiling-point, 
of a solution 5 T is proportional to the lowering of vapour pressure 
hp, and this in turn is proportional to the molar fraction of the 
solute A: 

67 ==/j^5/)=^2‘^a (^1 and constants). 

If the solutions are dilute enough for these relations to hold, the 
approximation of setting iVA==WA/(»A+WB) equal to the molar ratio 
»a/wb will entail an error less than the probable error in the measure- 
ments of the boiling- or freezing-points. Mb being the molecular 
weight to be assigned to the solvent, and Wb its weight in grams, we 
have Wb=W^b/Mb. Hence we may write 

67=(^2Mb).>^a/PYb. 

Thus for a given weight of a given solvent B the value of 57 depends 
only on the number of solute molecules, and not upon their chemical 
nature, a conclusion reached by Raoult upon experimental grounds 
as early as 1882. For different solvents we see that 

5 r ^K^n^lWB (Kb a specific constant). 

The constant may be calculated by the methods of thermo- 
dynamics, and is then found to contain Mb in the denominator. 
Hence Kb# although of value specific to a solvent, does not in fact 
involve the molecular weight of the solvent. 

/The value of Kb can be found by experiments with solutes of 
terwn molecular weight, and the relation then applied to the 
detmmnaticm of the molecular weights of other substances. It is 
to remmiber that what we actually determine is the 
of the solute partide in terms of the hydrogen atom, and 
that will onl|r be the true molecular we%ht when the solute 
in solution m the form of single molecules. 
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The proportionality factor Kb varies from solvent to solvent, 
and is called the molecular depression of that solvent when measured 
in terms of the following units: loo gm. of solvent and i gm.-moL 
of solute. It is not strictly correct to define the molecular depres- 
sion as the lowering of freezing-point produced in loo gm. of solvent 
by the addition of i gm.-mol. of solute, since such a solution would 
be far too concentrated to obey the laws of dilute solutions, even 
supposing that the solute >yere soluble to this extent. An example 
will make the matter clear. 

The molecular depression of water is i8‘6®. A solution of 21*96 
gm. of ethyl alcohol in 1000 gm. of water freezes at —0*826®. What 
is the molecular weight of ethyl alcohol? 

Let the molecular weight be M. Then the solution contains 

gm.-mok. of alcohol in 1000 gm. water, or gm.-mols. in 


100 gm. water. The depression 
of the freezing-point should 
therefore be: 

18*6 X ^-^=0*826. 

M 

18*6x2*196 

'-= 49*5 


\^pour fi*om 


boiling solvent 




Graduated 
tube 


0*826 

(QHeO= 46 ). 

Determination of BoOing- 
point. — The boiling-point of 
solutions is less frequently 
determined than the freezing- 
point because of experimental 
difficulties. A thermometer if 
placed in the vapour of the 
boiling liquid would register 
only the boiling-point of the 
solvent, and it must there- 
fore be placed in the liquid, 
which is liable to become 
superheated. This difficulty 
can be avoided or minimized 
by some device which causes 
a very intimate mixture of the 
vapour with the boiling sol- 
vent. Of this type of device 

the Landsberger apparatus (Fig. 34) is the simplest, but has now 
given place to more compact forms of apparatus. The Landsberg^ 
apparatus is so contrived that the boiling solution is surrounded 1^ 



Hole 

Bulb to 
catch sj>ra^ 

Thermometer 


Vapour 

exit 


Fig 34. Apparatus for Measuring 
THE Boiling-point of a Solution 
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a vi^Hnir-jacket which prevents loss of heat to the air. Since 
^pour condenses in the solution, its initial and final volumes are 
not the same, and the tube is usually graduated so that the resulting 
dilotion can be calculated. 

Determination of F)reeafiig>pomt.— The fireezing-point of a solution 
can be measured with a high degree of accuracy. The apparatus 

used in the commonest method is shown 
in Fig. 35. The Beckmann thermometer 
is a mfferential instrument with a huge 
thin-walled bulb, a long s^e graduated 
in hundredths of a degreeland covering 
only five or six degrees, Md a mercury 
reservoir at the top whicn allows the 
mercu^ in the bulb to be augmented 
or diminished, so that the thermometer 
can be used for different solvents. With 
the help of a lens the temperature can 
be read to one-thousandth of a degree. 
When the thermometer has been set, 
the scale - reading corresponding with 
the freezing-point of the pfure solvent 
is determined; some of the solute 
is then introduced through the side- 
tube and the new freezing-point 
measured. The solution may ^ made 
up to a fixed concentration by weight 
Fio. 35. Apparatus for or volume, or its concentration may be 
Msasuriko the Freezing- determined by analysis after the ex- 
pornx OF A Solution periment, as may be most convenient. 

An air-jacket separates the solution 
from the surrounding freezing-mixture. At the freezing-point the 
solution is m equilibrium with ice (or the solid solvent) —a point 
winch will be more fully discussed in Chapter V— and when this 
point is reached the temperature remains constant for some time 
and can be noted. 

In the second method, due to Richards, a flask is filled with a 
mixtiue of the solution and finely-crushed solid solvent — e.g. ice 
—and surrounded by a freezing-mixture. The temperature drops 
to the point at which the solution is in eqi^ibrium with the solid 
scdverd:— ie. to the freezing-point — ^and remains steady there. A 
Rtite oi the solution k tb^ withdrawn from the neighbourhood of 
the imlb of the thermmneter and analysed. 

Mofawalar Weiid^ lawtiiolytM m SolDtioii.— These methods 
have been of great service in the detmninatkm of nu^bcmlar weights, 
e spec ially in organic cbemistty. Many substances were found to 
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be associated in solution, that is, the molecular weight calculated 
in this way was found to be greater than that of the simple 
molecule. Thus acetic acid, CH3.COOH, in benzene exists largely 
in the form of double molecules, as does benzoic add, C3H5.COOH, 
in toluene. These results are not unexpected, and are often in 
agreement with the molecular weight of the vapour calculated 
from vapour-density measurements. But the behaviour of solu- 
tions that were good conductors of electricity, viz. solutions of 
strong acids and bases or of salts, was found to be anomalous. 
It was observed, for example, that the lowering of the freezing-point 
of water produced by adding a known small quantity of sodium 
chloride to it was very much greater than — in fact nearly twice as 
great as — similar measurements on organic solutes such as sugar 
would lead one to expect. Van unable to account for these 

results by any experimental defect, was obliged to accept them as 
anomalous, and they received no satisfactory explanation till 1887, 
when by a single brilliant suggestion the young Swedish chemist 
Arrhenius reduced the subject to order. His theoiy of electrolytic 
dissociation is one of the great landmarks of chemical history, and 
is the basis of all modem work on solutions. Like many other 
theories which have now become familiar to us, it was in its day 
regarded as startling and strange, but though the first opposition 
was violent Arrhenius was able to support lus ideas with so much 
evidence from experiment that in a few years they had become a 
recognized part of chemical knowledge. Since that time it has been 
necessary to modify the original conception in many important 
respects, and the theory has been exposed to much criticism, 
which though healthy has not always been well informed. This, 
however, it has survived, and later in the chapter we shall give a 
short list of the experimental evidence in its support. Our treat- 
ment of solutions throughout the book will be ba!^ on the modem 
form of the theory — which indeed is universally current— but the 
student should remember that what now appears coinparatively 
simple may in later years reveal unsuspected complications. The 
more closely the experimental data are studied the more puzzling 
do some of them become. The dissociation theory provides us 
with a guiding principle, but we must often fall ba<i on other 
considerations. I^e true test of the theory is its usefulness in 
interpreting the resists of old experiments and predicting the results 
ofnewo^. 

Hie BiMxsiatien Theory*— A rrhenius ^gested that when an 
electrolyte such as sodium chloride was dissolved in water it was 
at 1^^ partially dissociated into sodium and chlorine iof^, con* 
sisting bf atoms caxr3dng equal and opposite electrical diarg^. 
The oh^ous critidism was raised that smium ccmld not exist in 
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the presence of water, with which, as is well known, it violently 
resects; but it was pointed out that whereas sodium atoms react 
with water this does not prove that the same atoms would do so 
when electrically charged. The question of the charge on ions 
is intimately connected with work on the electrical conductivity 
of solutions, and the great success of Arrhenius's paper was due to 
the agreement he was able to produce between osmotic and con- 
ductivity work, so that before we can understand t^ real signifi- 
cance of dissociation we must deal with the behaviour of solutions 
under the electric current. \ 

Faraday’s Laws ol Electrolysis.— This, like many o^er branches 
of electrical science, was first accurately investigated % Faraday, 
and the principal results of his researches are embodied in his laws 
of electrolysis. These laws state that the mass of any substance 
liberated by electrolysis is proportional to the electrical charge employed 
and to the chemical equivalent of the substance. Their precise 
implication can best be understood from example. 

Let a copper plate be immersed in a solution of copper sulphate 
and connected to the negative pole of a battery whose positive 
pole is connected to a platinum wire dipping in the solution, and 
let there be also included in the circuit a solution of silver nitrate 
with a silver cathode. When the current passes, silver and copper 
will be deposited on the cathodes at the expense of the electrolyte. 
From Faraday's laws we learn that the number of coulombs which 
pass is proportional to the weight of silver, and also to the weight 
of copper, deposited, so that a steady current will deposit a weight 
of metal proportional to the time for which it is allowed to flow. 
Further, the weight of copper to silver is in the ratio of the chemical 

equivalents of these metals, that is, or 31*8 to 107-9. Similar 

deductions have been exhaustively tested by experiment and are 
found to be rigcnrously true, llie theory of <hssociation tells 
DGS why. 

It is assamed that a solution of rilver nitrate contains positively- 
dbaiged silver atoms, or silver ions, and negatively-charged nitrate 
groups, nitraie ions. They may be symbolized Ag+ and NO," 
<« Ag’ and NO,'. The positively-barged silver ions will be dectro- 
staticby attr^ted to the negative pole or cathode; when they 
urach it give up their diarge to the catlKxle and are converted 
to ^ver atoms which adhere to it. The passage of the current 
toosists them, so far as the solution is concerned, of the transference 
ei pwitive chmges from toe solution to the cathode; negative 
liwges are^ simultaneously transferred to the anode from the 
trldto thnefore r^iains ^ectricidfy neutn^ Ifeatorilver 
itn dairies tha man diaige, the td silver deporited will be 
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propctttional to the total charge that passes round the circuit, in 
accordance with Faraday’s law. The second part of the law will 
also be in agreement with theory if the copper ions (copper is 
bivalent) each carry twice the charge of the silver ions. It is also 
necessary that each copper ion should carry twice this unit charge 
if each of the negatively-charged ions in, say, a molecule of copper 
nitrate is to receive an equal unit charge of opposite sign. 

Magnitude of the Ionic Charge. — If we calcidate the value of this 
h5q>othetical unit charge a most significant value is obtained. 
The actual as well as the relative weights of atoms are known, and 
if we divide the number of coulombs required to deposit a given 
weight of metal by the number of atoms in the same weight of 
metal we can find the charge, in coulombs, carried by each atom 
or ion. In accordance with Faraday’s law this value is the same 
for all univalent ions, but twice this value for bivalent ions, and 
so on. Its magnitude for univalent ions is 1*602 x 10“^® coulombs, 
a charge precisely equal to that obtained by physical methods 
and calculations as the charge of the electron, or unit particle of 
negative electricity. It follows that an atom is converted into an 
ion by the addition or removal of electrons in number equal to the 
valency of the atom. Thus in silver nitrate the silver atom has 
transferred one electron to the nitrate group; the silver ion con- 
sequently has a unit positive charge and the nitrate ion an equal 
negative charge. In copper nitrate the copper atom has lost two 
electrons, one to each of the nitrate groups, and therefore carries 
twice the charge of the silver atom. 

The charge necessary to deposit a gram-equivalent of a metal 
from its solutions is called a faraday\ it is equal to 96,490 
coulombs, and its symbol is F. 

Osmotic Effect of Electrolytes.— An ion, like an undissociated 
molecide, is effective in producing an osmotic pressure, and in 
lowering the freezing- or raising the boiling-point of a solution; 
so that if the molecular weight of a dissociated solute be deter- 
mined by the freezing-point method it will appear lower than the 
formula weight. If the dissociation theory is correct, only those 
substances whose aqueous solutions conduct the electric current 
should give abnormd values for the molecular weight determined 
by the freezing-point method in water; and this is found to be so. 
By comparing the apparent with the true molecular weight it 
should possible to calculate to what extent the substance is 
dissociat^; we shall return to this point when we have more closely 
cqnddered the process by which the current is carried. 

ISbolsfioal €a^cti?tty«— The power of a solution to conduct the 
current is determined by measuring its resistmice in a Wheat* 
Stoners teS*3ge in much the same way that we should measure the 
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conducting power of a metal. The solution is contained in a glass 
cell fitted with parallel plates, usually of platinum, and the udiole is 
balanced against a known resistance in the other aim of the bridge. 
To avoid polarization an alternating current was used from a smedl 



induction coil or buzzer, but more recently a valve oscillator has been 
preferred. For conductivity measurements the solvent must be 
prefkared in a state of specm purity, since the carbon diqxide and 
asomonia that it may ab«n‘b from the atmosphere are sufficient to 

S 've it a marked conductiv^. TIk purest water was prepared by 
3om.sAuscH and by nineteen djstffiations in an 

evacuated platmum apparatus, and since that time many stills have 
been designed 'with -the same purpose. Snce water dis8(^es a 
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little free alkali from ordinary glass, a less soluble material, such as 
hard glass, fused silica, or block tin, must be used, and in most of 
the successful stills the water, after distillation from alkaline per- 
manganate to remove organic matter, is boiled and fractionally 
condensed in a current of pure air. Conductivity-water must be 
carefully protected from atmospheric contamination. 

The arrangement of the circuit is shown in the diagram (Fig. 36), 
together with two good types of cell. In the Hartley cell the 
pure solvent can be preserved from atmospheric contamination by 
blowing pure air free from carbon dioxide through B while a con- 
centrated solution of the electrol}rte is introduced through A. 
The plates are made of sheet platinum coated with grey platinum, 
and are held in place by small pieces of glass at each comer: 
by rotating the cap to which they are attached the electrolyte 
can be stirred. 

The specific conductivity of a solution is defined as the current 
which would fihw between opposite faces of a centimetre cube of the 
solution at unit potential difference (i volt). Provided that polariza- 
tion is prevented, solutions obey Ohm's law, hence the resistance 
can be found in a Wheatstone's bridge (though at very high 
potentials deviations from Ohm's law occur, the explanation of which 
is not yet understood). The specific conductivity of a solution is 
found by observing its resistance in the cell, and comparing it with 
the resistance of a solution of known specific conductivity, usually 
a standard solution of potassium chloride, in the same cell. This 
is both easier and more accurate than the measurement of the 
dimensions of the platinum plates and of the distance between 
them. Since conductivity is much affected by temperature, the 
cell must be kept in a thermostat. In a separate experiment the 
specific conductivity of the solvent is measured and subtracted 
from that of the solution; this gives the specific conductivity due 
to the electrolyte alone. The results are more significant if we 
divide the specific conductivity by the concentration, in gram- 
molecules per C.C., to give the molecular conductivity, or in gram- 
equivalents per C.C. to give the equivalent condt 4 ciivity. For 
' univalent ' dectrolytes the results are identical. The molecular 
ccmductivity is proportional to the current carried under unit 
potential gradient (1 volt per cm.) by the ions into which the 
molecule has dissociated. It represents, in fact, the average 
current carried under these conditions by the products of the 
dissociation of each molecule, and consequently varies with the 
coxicentlUtion of the solution. At the moment we shall do no 
more than obsarve that the motecular conductivity moeases as 
the solutioii heames more dilute and reaches a maximum at what 
is infinite' dilution, though a large dassi of electrolytes 
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is not sufficiently dissociated to approach this condition in any 
solution on which measurements can be made. 

The Law of Independent Mobility of Ions.— The equivalent con- 
ductivity at infinite dilution cannot be directly measured and must 
be determined by extrapolation of results from solutions as dilute 
as possible. The investigation was carried out by, Kohlrausch 
in a series of researches whose accuracy, in spite of ilater improve- 
ments in technique, compares favourably with that ol much modem 
research. His work was the foundation of the theOTy of conduc- 
tivity and resulted in the important generalization known as the 
Law of Independent Mobility of Ions. He found that the equivalent 
conductivity of an electrolyte at infinite dilution was the sum of 
terms due to each ionic species, the term for each \on being a 
constant in all its solutions. The meaning of this observation can 
be explained by an example. Kohlrausch's value for the equivalent 
conductivity of potassium chloride at i8® and infinite dilution was 
129*1. If we represent the parts of this conductivity due to the 
potassium and chloride ions by /lik* and /xci' respectively, we 
have, if the law is true: 

/ak‘+/xci'=I29*i j (i) 

Similarly the value for sodium chloride is io8*i, so that with the 
same notation: 

/U-Na +Mci'= io8* I ( 2 ) 

For sodium nitrate: 

Wa’ +iXN08'= 104*6 (3) 

Assuming the law to be true, we are now in a position to calculate 
the equivalent conductivity of potassium nitrate from these data, 
and to compare our result with experiment. The value should be * 

but from (2) and (3) : 

MN08'=/Aa'~-3’5 

so that: 

+A4N08'=ftK- +Ma' — 3 - 5 = 129*1 —3*5 = 125*6. 

The value found by experiment is 125*5, authentic case 

has been produced of an exception to the law, which has been 
verified in both aqueous and non-aqueous solutions. 

The current carried by an ion depends on two things only, viz., 
qit the c/u^ge and on the speed with which it moves through the 
^ution. It is obvious that ions carrying, say, a unit electronic 
w01 deliver twice as great a charge at the electrode in unit 
time if tl^y move twice as as other sixnilar ions, and hence will 
carry twice the current KoUrausch's equival^t conductivity 
at infinite daution does in fact represent the sum of quantities 
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proportional to the speeds of the ions. Later on we shall show how 
these speeds can be measured, and shall discuss the interesting 
conclusions to which the results seem to point. 

(tetwald’8 Dilution Law.— Arrhenius believed that aU electrols^es, 
except in the hypothetical condition of infinite dilution, were 
incompletely dissociated, and he pointed out that their degree of 
dissociation should be calculable at any concentraion by measuring 
the ratio of the equivalent conductivity at this concentration to 
the equivalent conductivity at infinite dilution. The degree of 
dissociation a represents the fraction of the molecules of the solute 
dissociated at any concentration. At infinite dilution the equi- 
valent conductivity of an electrol5^e such as acetic acid will be 
but if at a given dilution only a fraction a of the acid 
is dissociated into hydrogen ions and acetate ions, then the equi- 
valent conductivity at this dilution will be a(/iH*+AtAc'). Calling 
the equivalent conductivity at infinite dilution and at a dilution 
F, A«o and Av, we have that : 

Aoo=/xh‘+/aac' and: 

Av=a(/[AH*+/AAc') 



and it is from this equation that the apparent degree of dissociation 
can best be calculated. 

Ostwald pointed out that the dissociation of an electrol3^e into 
ions was an equilibrium that should be subject to the law of mass- 
action. Thus the dissociation of acetic acid : 


CH3.C00H^H*+CH8.C00' 
ought to obey the equation: 

[CH3.COOT [HI ^ 

[CH8.COOH] 

where the square brackets denote equivalent concentrations and 
if is a constant. If the dilution is V, that is, if one gram-molecule 
of acetic acid is dissolved in V litres of water, and the degree of 
dissociation at this concentration is a, then [CH3.COO']=[H‘] 

and [CH,.COOH]=i^. so that: 


-.Kot 


(x~a)V 


^K. 


( 5 ) 
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This equation is known as Ostwaxd's DHuUon Law. It shows how 
the d^^iee of dissociation a vaii^ with the concentration, and was 
tested by Ostwald for 250 organic adds in water and by Bredig 
for fifty weak bases. The application of the law to these substances 
was entirely successful, and each of them gave a value for K con- 
stant within the error of the conductivity determinations from 
which a was calculated from equation (4). Thus, |for acetic acid 
K was found to be about I’Sxio-* at 18®. Thistoeans t^t in 
tenth-normal solution ( 7 = 10) only about one molecule in seventy 
is dissociated, while in one-hundied-thousandth n< mal solution 
(which is near the limit of dilution for conductr :y work) the 
dissociation reaches 95 per cent. K is called the dissociation- 
constant of the electFol}^e, and its value has a very at inflnftnpo 
on the chemical properties of the substance. 

Acids Bases 

Acetic acid . .ax io~* Hydrazine . 3 x ror* 

Hydrocyanic acid . 7 x io~“ Methylamine 5 x io~‘ 

Citric add . . 8xro“* Aniline . 5Xio~J» 

Benzdc acid . 7 x io~* 

Phenol . . T X io~“ 

Dissociation-constants of some Weak Acids and Bases at 18® 


The following will serve as an example of calculations based on 
these figures. Example; At a dilution of 50 the equivalent con- 
ductivity of a certain weak monobasic acid is 9*23, while at infinite 
dilution its equivalent conductivity, calculated from the mobihties 
of the constituent ions (p. 153), is 387. Calculate: (i) The degree of 
dissociation at this dilution, (ii) The dissociation-constant of the 
add. (iii) The concentration of %drogen ions in the solution. 

(i) Call the add HA, and let its dissociation-constant be K. 

Then with the previous notation; 


Ay _ 9-23 
A«“387 


=0-0238, or 2-38 per cent. 


(ii) The concentration of undissodated acid, in gram-molecules 


pw litre, is (100— 2-38) =97*62 par cent of —=0*01952. 

5 ® 


/ '•0238 \« 

p m [Af]A 50 ; 

[HA] *01952 


«i*i6xio-*. 


Hence: 


^ The concentration of faydrogai ions, as above, is: 





4 *8x10*^. 
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The Anomaly of Strong Electrolsrtes. — ^The triumphant success of 
the Ostwald dilution law, as applied to the conductivity of weak 
acids and bases in water, left no doubt that the dissociation theory 
as originally propounded contained at least an element of truth. 
It was, however, obvious from the first that the dilution law broke 
down completely when applied to strong electrol5^es, that is, to 
all salts and to strong acids and bases. These were proved by 
Kohlrausch to follow, in dilute solutions at least, the equation: 

Av=Aaa~fe.C*, 

where k is constant for the electrolyte and C is the equivalent 
concentration. A* is found by carrying the measurements to the 
highest practicable dilution and then plotting A against C*: a 
straight line is obtained which when produced backwards cuts 
the conductivity axis at Aoo (Fig. 40, p. 156). This implies a 
much less rapid decrease in the equivalent conductivity with rising 
concentration than is provided for by the dilution law, so that 
even at concentrations of N/io strong electrolytes will be exerting 
a considerable fraction — say 70 per cent upwards — of their maxi- 
mum conducting power. The values of the degree of dissociation, 
a, obtained by dividing Av by A®, do not even approximately 
obey the law of mass-action, but are generally in approximate agree- 
ment with the values obtained by freezing-point measurements. It 
has already been pointed out that it was the anomalous molecular 
weights of strong electrol5rtes as determined by the freezing-point 
method that led Arrhenius to the enunciation of his theory. The 
anomaly is due to the dissociation of the solute, and by comparison 
of the true and apparent molecular weights the degree of dissocia- 
tion can easily be determined. Before Ostwald's work the agree- 
ment between the values of a determined by the conductivity aiKl 
freezing-point methods was Arrhenius's strongest argument for 
the validity of his theory, but for many years the difficulty remained 
—it was called the anomaly of strong electrolytes — ^that the mass^ 
action law was obeyed only by electrolytes whose dissociation was 
very slight, that is, by the weak acids and bases. 

^ Ckmiileto Disaodation Thaory.— In 1902 Sutherland took 
the first step towards the solution of the problem, though for many 
ye^ his views did not obtain anything Uke general currmcy. He 
pointed out that it was reasonable to suppose that the ioxdc charges, 
which exert forces very powerful in comparison with the gravita- 
tional forces, were not vdthout effect on the properties of the solu- 
tion. He $Wested that strong electrolytes were comfieidy dis^ 
M and that the change in ^uivalent 

conductivity with concentration was due to the variation in the 
distance betw^ the ions and its effect upon the forc^ 
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between them. In 1912 Milner showed that this view was in 
quantitative a^eement with the results of freezing-point measure- 
ments, and evidence was slowly collected from other branches of 
physical chemistry. In 1923 Debye and Huckel published a 
mathematical analysis of the problem as interpreted by conduc- 
tivity measurements, and more recently ONSAGER.has effected a 
further advance by taking into consideration the thprmal agitation 
of the ions, 

Debye and Hilckel^s Theory* — In these calculation^ two modifica- 
tions are imposed u^on the velocity of a particle of known dimensions 
moving under a given potential gradient through W medium of 
known viscosity, viz. (i) The arrangement of ions in a solution 
resembles to a slight extent that in a crystal, in that' electrostatic 
forces cause every ion to be surrounded by a slight preponderance of 
ions of opposite sign. Since the ions are in motion this causes 
an excess opposite charge to Unger in their rear, and so retards 
them. (2) The stream of ions moving in an opposite direction 
has a retarding effect. Calculations on this basis lead to Kohl- 
rausch's relation, Av—Aao—A.C*, for very dilute solutions, and 
from the value of k the ionic radii can be deduced. This is, up to 
the present, the most successful attempt to account for the con- 
ductivity of strong electrolytes; it succeeds in aqueous solutions 
and is in good agreement with the results of investigations on 
many non-aqueous solutions. Corrections of this kind are scarcely 
necessary for weak electrolytes, in solutions of which the ionic 
concentrations are too small for the interionic forces to be of 
much importance. 

Transport Numbers*— We have seen that ionic mobiUties are 
proportional to the currents carried by ions under the same poten- 
tial gradient. The fraction of the totail current which each ionic 
species carries is called its transport number (symbol T). Thus in 
potassium chloride the transport number of the potassium ion is 

— iiSl— e»rK’, and that of the chlorine ion — — — >=ra'. The 

equivalent conductivity at infinite dilution of potassium chloride is 
so that if the transport number of one ion in one solution 
is known, the rest can be calculated from conductivity measure- 
ments. Apart from conductivity three methods are available: 

1. The Hittorf method. 

2. The movi^ boundary method. 

3. The dectromoUve force metixod (p. 255). 

I* In the so-called Hittore method, in which the change in 
^cmcentralion round the electrode brought about by electrolyris 
It, mea^ired, the sdution is confined in an apparatus designed to 
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prevent mixing of the electrode liquids with each other or with 
the intervening solution. It usually consists of an H-tube: in 
the design illustrated (Fig. 37), which is one of the best, the central 
limb is bent down into a U and 
provided with a tap so that the 
middle liquid can be run out 
when the electrolysis is over. In 
these experiments only weak cur- 
rents may be used, or the heat 
developed will lead to convection 
and mixing; thus the experiments 
may last several hours. 

Let us suppose that the trans- 
port number T^- of silver ion in 
a solution of silver nitrate is to 
be determined, i.e. the fraction 

, The electrodes will 

MAg‘*+-MN08 

be made of silver, and during 
the passage of a reasonably smaU 
quantity of electricity the com- 
position of the intermediate liquid 
will be unaffected, since as much 
silver ion enters at one end as 
leaves at the other. If we con- 37. Modified Hittorf 

sider a plane in the liquid perpen- Apparatus 

dicular to the direction of motion 

of the ions, the numbers of each passing it (in opposite directions) 
in unit time will be proportional to the speeds under the prevail- 
ing potential gradient, that is, to the fractions and Tnos'# which 
represent the number of gram-ions of each traversing the plane while 
a charge passes sufficient to deposit one gram-atom of silver on the 
cathode and to dissolve one gram-atom from the anode. The silver 
content of the liquid surrounding the cathode has therefore been 
reduced by one gram-atom (deposited) and increased by gram- 
atoms from the middle liquid — ^a net decrease of Tnos^* anode 
liquid has gained an equal weight of silver, while the composition of 
the middle liquid is unchanged. 

The experiment is carried out as follows. The apparatus is 
filled with a solution of silver nitrate of accurately known concen- 
tration and connected in series with a silver voltameter, consisting 
of a weighed ^ver cathode in silver nitrate solution. A wak 
current is then passed for a considersdjle time, and the weight of silver 
deposited on the cathodes is determined by weigtung the cathode 
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of the voltameter. The cathode, anode, and middle solutions are 
run out and the first two are weighed; the silver concentration of 
all three is then determined. If the silver concentration of the mid dle 
liquid has remained unchanged, as it should have done, the total 
quantities of silver in the anode and cathode liquids, as withdrawn, 
are calculated, and compared with the quantities , which these 
weights of solution contained before the experiment] The differ- 
ences are converted to gram-equivalents and divided Iw the ntmiber 
of faradays which have passed through the circuil They are 
then e^uai to each other and to Tnos'i from which feis fraction, 
which is the transport number of the nitrate ion in sUver nitrate 
at the dilution used, can be calculated. The transport number 
of the silver ion is obtained by subtracting that of the 'nitrate ion 
from unity. 



Fig. 38. SiK Oliver Lodge’s Experiment in Ionic Migration 


2. Ionic mobilities are usually expressed in the units obtained by 
multiplymg the transport number by the equivalent conductivity at 
infinite dilution. The absolute velocity under unit potential gradient 
(i volt per cm.) is obtained by dividing by the number of coulombs 
in a faraday (^,490), the result being for the potassium ion only 
67x10“* cm. per second, or about 2-4 tan. per hour. Several 
ingenious methods have been devised for the direct measurement of 
these velocities — ^the oldest and most striking by Sir Oliver Lodge 
in 1886. He filled a lon^ tube with a solution of common salt set 
with gelatine and containing phenolphthalein reddened by a trace of 
caustic alkali. This tube was inverted so that both ends dipped in 
dilute sulphuric add connected to a battery. On passing the current 
the hydrogen ions moved slowly aJbng the tube from positive to 
ntta^e, thereby decolorizing the indicatcar; and by measuring the 
vi^xaty of the boundary the ionic velodty could be calculated. If 
one of the ions is coloured, the indicator can be dispensed with, and 
it Kras later found that the boundary betwem colourless ions could 
be obs^ed by the change in the refractive index of the sduticm at 
this point. For more accurate measordnents some such apparatus 
a$ that shown in the diagram is suitable (F^. 39). The narrow tube 
must be of muform and known bore. To prevent mixit^ of the 
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solutions when the apparatus is filled, one of them may be fixed in 
poation with a little gelatine, which is found not to affect the results. 
Let the equivalent concentrations of the salts AX and BX 
at the boundary be respectively Ca and Cb. Suppose the upward 
moving boundary sweeps out a volume V c.c. during the passage of 
a quantity of electricity it coulombs 
in t seconds. B* in F c.c. must then 
have been entirely replaced by A‘. 

Hence U'f =FC aF, amd iB-i=FCB-V, 

Therefore ^ =Ta‘= ^^^ 
t it 




and*4-’=TB-= 


FCbV 



Boundary 


t ~ it 

For the preservation of a stable 
boundary the condition is obviously 
Ta*Cb=Tb^Ca- The results are in 
good agreement with those of the 
Hittorf method when certain cor- 
rections have been made, particu- 
larly a correction for the water 
transported simultaneously with the 
ions. That water is so carried was 
proved by the American chemist 
Washburn, who arranged trans- 
port-number experiments in which a 
non-electrolyte such as sugar was 
dissolved in the liquid in addition 
to the salt on which the measure- 
ments were being made. It was 
found that at the end of the ex- 
periments the sugar concentration 
in grams per litre was greater near one electrode than near the other, 
the sugar solution having been diluted at one electrode and concen- 
trated at the other. A further method of measuring transport 
numbers is described in p. 255. 

Xbnie — ^A selection of ionic mobilities in water at 

18® is given below: 


Fig. 


39. Direct Determination 
OF Ionic Velocities 
(AX on left, BX on right) 


u 

33-0 

F' 

. 45 *« 

Na’ . 

43*2 

Cl' 

. 65'2 

K‘ 

64-3 

Br' 

• 67*3 

RV . 

66-8 

I' 

. 66-25 

Gs‘ . 

66-8 

OH' . 

• 173*8 

H’ (H, 0 )+ 

315*2 

NO,' . 

. 6i-6 

mi . 

643 

ao,' . 

• 54*9 
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The most striking feature of the list is the high velocity of the 
hydrogen and hydroxyl ions, especially the former. We must first 
notice that what we usually call hydrogen ion (in aqueous solution) 
is not actually a simple proton H+, but the compoimd ion (H 80 )+. 
The feeble but definite ionization of water thus consists in the 
transference of a proton from one water molecule to another con- 
tiguous to it: 

Hj0+H20^H30++0H- 

It would be correct, at least where aqueous solutions art concerned, 
to substitute ' hydroxonium ion ' for ' hydrogen ion,' but the 
longer word has not found favour, and we shall continue to use the 
conventional description. The diameters of hydrogen 'ion H 80 + 
and ammonium ion NH4+ should therefore be comparable, and the 
diameter of hydroxyl ion OH~ be comparable with that of fluoride 
ion F”. Since the high mobility is not attributable to small size 
it is probable that some special mechanism of transport of electric 
charge operates in aqueous solutions for the ions of water. The 
nature of this mechanism is still speculative, but it has recently 
been shown that if a proton were imagined to jump from pne water 
molecule to the next, expelling another proton forward,' this sub- 
stitutional mode of transport would give a mobility much greater 
than that expected by a normal or direct transport. This theory 
does not contemplate that such a method of transport would act 
for ions other than those of water, so that the generi revival of the 
discarded hypothesis of Grotthus is not probable. 

The Hydration of Ions. — It has long seemed probable that ions 
are more or less firmly enveloped in water molecules when in aqueous 
solution, but the extremely divergent values emerging from different 
attempts to measure ionic hydration, and the new views on the 
constitution of liquid water (p. 103), suggest that this subject is 
far more complex than was formerly thought, and at present no 
quantitative treatment can safely be given. 

Attention may however be cahed to the rule put forward many 
years ago by Walden, that the product of mobility into the vis- 
cosity of. the solvent is approximately constant for numerous 
solvents, and a given ion. As the viscosity here introduced is the 
ordinary liquid viscosity, that is the friction of one layer of the 
liquid against another, the validity of this role seems to indicate a 
' solvation ' of ions. As the result of X-ray analysis more definite 
conclusions have been reached about the hydration of ions in 
Cfyst^, and on the constitution of hydrated crystals generally. 
The structure of nickel sulphate NiS04,7H30 has been very fully 
w^ed out, and there is little doubt that the results are applicable 
Ih ^enml to all the so-callied 'vitriols' of formula 
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(M=Mg, Zn, Ni, Co, Fe, etc.). The features of the structure are 
broadly indicated by writing the formula as 

[(Ni.6H,0)++.S04-“]H20. 

Six molecules of water closely surround the cation octahedrally, 
while the remaining molecule plays a more general part in stabilizing 
the structure as a whole. The close association of some or all of 
the crystal water with the cation is also found in (Be.4H20)S04 
[(Cu. 4H20).S04JH20, (Mg.6H20)Cl2, and (A1.6H20)Cl3. The ten- 
dency in crystals for the cation to be hydrated rather than the 
anion is in harmony with the fact that in general free cations, 
especially when multiply-charged, are smaller than anions (see 
p. 93). The intense electric field at the surface of small cations 
initiates the binding of water molecules firmly, and the sizes of the 
hydrated cations become comparable with those of the anions. The 
prevalence of the typical * co-ordination numbers ' four and six 
probably indicates a definite chemical interaction between the 
cation and its hydration water (see p. 345). While it is possible 
that such a distinction between cations and anions operates in 
solution, the position therein must be greatly complicated by the 
competing structure of water itself. A given ion can relegate water 
to itself only if the hydrate formed is more stable than the water 
structure destroyed in its formation. 

Results of Conductivity Work in Water. — Before we close our 
discussion of the work on which the dissociation theory is based 
we shall have to refer shortly to non-aqueous solutions, and it 
may be well at this point’ briefly to summarize the essential results 
of conductivity work in water. We have seen that the only 
satisfactory explanation of Faraday's laws is that the current is 
carried in equal units by ions produced from the solute by dis- 
sociation, and that in weak electrolytes, a class which in water 
consists only of weak acids and bases, the degree of dissociation is 
comparatively small and can be calculated from the ratio of the 
equivalent conductivity to the maximum value which it reaches 
at infinite dilution. Ordinary concentrations so little resemble 
this condition that the equivalent conductivity at infinite dilution 
cannot, as with strong electrolytes, be obtained directly by extra- 
polation of the curve connecting it with the concentration (or, 
better, with its square root), but must be indirectly calculated as 
the sum of the mobilities of the ions at infinite dilution, which may 
themselves be calculated from the data of strong electrolytes. 
Thus the mobility of the acetate ion, and hence the conductivity 
^>f acetic add at infinite dilution, must be obtained by measuring 
the equivalent conductivity at infinite dilution of the strong 
electrolyte sodium acetate and subtracting from it the mobility 
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of the sodium ion. The degree ot dissociation calculated in this 
way for weak electrolytes shows that their dissociation obeys the 
law of mass-action, a conclusion embodied in Ostwald's dUution 
law. To bring out the difference between strong and weak elec- 
trolytes the diagram (Fig. 40) shows the equivalent conductivity 
at 18® of hydrogen chloride and hydrogen acetate /solutions at 
high dilution (infinite dilution to N/200) plotted agairii|t the square 
root of the concentration. 



Sqtxare root of the molecular concentrationL 
O'OOOl 0*0004 

Molecular concentratton. 


Fig. 40. EQUIVAI.BNT Conductivity of a Strong and a Wbak Electrolyte 
(Hydrochloric acid above, acetic acid below) 

Strong electrol3^es comprise strong adds and bases and nearly 
aU salts, including the salts of weak acids and bases. They do 
not obey Ostwald's dilation law, and their equivalent conductivity 
in dilate solution is a linear function of the square root of the con- 
centration. They are highly dissociated at aU concentrations, and 
modem work appears to indicate that this dissociation is in fact 
omnplete, and that the decrease iq^. equivalent conductivity with 
cm«:entration is doe to the electncal forces between the ions. 
Kohlrausch's law of the independent mobility of ions is diown to 
be a logical consequence of me dissociation theom, and with the 
of transport-namber experiments it is posi^le to calculate 
tte absolute velocity of an ion under a given potential gradient. 
Tim mobilities calculated firom these data are not in agreemoit 
estimates of atomic volume, a disciepanqr ex|dainable the 
poooeption that many^ ions carry with them several motecute of 
el hydration which must be included in the ioxuc radius. 
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Tbe Acthri^ Concept. — Since the dissociation of strong electro- 
lytes does not obey the law of mass-action, which has been of 
so great assistance in examining equilibria of other types in solution, 
efforts have been made to develop other relations to take its place. 
The activity of an ion or molecule represents the function that must 
be substituted for its concentration if the law of mass-action is to 
be rigidly obeyed. It is usually not proportional to the concen- 
tration. The activity divided by the concentration is called the 
activity coefficient. 

Since perfect gases rigidly obey the law of mass-action, their 
activity-coefBicients are always unity. Most gases are nearly 
perfect in their behaviour at moderate pressures, and the activity 
of a volatile solute, e.g. hydrogen chloride, in two solutions of 
different concentration can therefore be compared by determining 
the ratio of its partial pressures over the two solutions. To deter- 
mine the activity at any one concentration, an arbitrary value 
must be given to the activity or activity-coefficient of the substance at 
some fixed concentration. A method of determining activity coeffi- 
cients for the ions of electrolytes is described in Chapter VIII, p. 252. 

Non-aqneous Solutions. — ^Further information on many difficult 
matters in connection with solutions would be desirable, and this 
we might expect to gain from an examination of solutions in solvents 
other than water. A great deal of work has been done, chiefly in 
solvents of moderately high dielectric constant, in which, as has 
already been pointed out, dissolved substances are more highly 
dissociated than in solvents of low dielectric constant, which, 
indeed, have often little or no power of dissolving electrol]ytes. 
Unfortunately the properties, and especially the conductivity, of 
non-aqueous solutions are enormously affected by the presence of 
small quantiti^ of water or other impurities, and for this reason 
much of the older work is of doubtful value. However, reliable 
work has been done in methyl and ethyl alcohol, acetone, acetic 
acid, liquid ammonia, nitromethane, acetonitrile and other solvents, 
and though the results indicate that stiU further research is needed, 
some interesting generalizations have emerged. 

Results dt Oonduottvity Work in Non-aqueous Solutions.— In 
non-aqueous solvents the sharp distinction between weak and 
strong electrol}rtes disappears, and the chemical nature of the ions 
plays a specific part in the variation of equivalent conductivity 
with dilution. Thus, while Kohlrausch found that in water all 
ordinapr salts (some mercury compounds are the best-known 
excq>tions) obeyed the square-root relation and were markedly 
regular in thdr bdhaviour, the same cannot be said of solutions 
m any one non-aqueous solvent. Among tbw the hydroryhc 
solvents, ie. the alcohols, most closely resemble wat^ in their 
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behaviour. In particular, in these solvents the hydrogen ion has 
a mobility much greater than that of other ions, just as it has in 
water. The table shows the mobility at 25® of the hydrogen ion 
in methyl and ethyl alcohols, two hydroxylic solvents which have 
been thoroughly investigated by Hartley and others, and in the 
two non-hydroxylic solvents acetone and nitromethane. The 
mobility of the ammonium ion is given for comparison 



Water 

Methyl A Icohol Ethyl A Icohol 

Acetone 

Xtfitromethane 


H,0 

CH,.OH 

CjHj.OH 

(CH,),CO 

\ CHj.NO, 

H- 

351 

142 

59*5 

88 

\ 63 

NH*' 

74 

58 

19 

98 ' 

\ 64 


Mobility of the Hydrogen and Ammonium Ion^ at 25® 


In attempting to interpret these data it must be remembered that 
by the * mobility of hydrogen ion ' we strictly mean only the rate of 
transport of unit positive ionic charge, and we can be sure that if 
the electric transport is effected by a simple ionic diffusion the ion 
concerned is never a simple proton. It is possible that the * jumping ' 
mechanism proposed for water also operates in hydroxylic solvents 
such as the alcohols, but, as might be expected, less Efficiently. 
In ethyl alcohol the mobility is of the magnitude to be expected 
for the simple diffusion of an ion of the form C2H50Ha+. The nature 
of the conduction process in such solvents as acetone and nitro- 
methane is little understood, and the near equality of the mobilities 
of ‘hydrogen' and ammonium ions in these solvents may be 
fortuitous. 

Meet of the Dielectric Constant.— It has already been stated 
that the dielectric constant of a solvent has an important influence 
on its ionizing powers, the most noticeably ionizing solvents being 
those with high dielectric constants. The presence of a hydroxyl 
group in the solvent molecule has an equ^ if not ^eater effect. 
The diagram (Fig. 41) shows the equivalent conductivity of nitric 
acid and perchloric acid in various typical solvents plotted against 
the square root of the concentration. For the better comparison 
of the results, the equivalent conductivity is expressed as a frac- 
tion of the equivalent conductivity at infinite dilution. It will 
be noticed: 

(i) That in water and the alcohols the conductivity of either 
add at any concentration decreases with the dielectric 
constant. 

j(ii) That the conductivity of nitric add is much more affected 
by change of solvent than is that of perchloric add. Only 
in water isjtdtric acid a strong electrolyte. 

pi) That the influence of the hydroxyl group outweighs that of 
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the dielectric constant, since the conductivities are higher 
in ethyl alcohol (dielectric constant 25) than in nitrobenzene 
(dielectric constant 35). 
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Fig. 41. Perchloric and Nitric Acids in Different Solvents 

« ► A 

plotted against (25®) 


BySxmjlh Solvents* — ^The high ionizing powers of hjrdroxylic 
solvents are probably connected with the polar properties of the 
hydroxyl group (Chapter XI), which enable it to act either as donor 
or acceptor, and in such solvents both cation and anion may be 
solvatea The process of ionization in solution consists not 
only in a separation of the constituents of the solute 'molecule: 
♦f 
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AB->A'+B', but also in the combination of both of them with 
the solvent: 

Solvent +AB-^(Solvent. A)’ +(Solvent.B) 

Many electrolytes are fully ionized only in solvents of very high 
dielectric constant, e.g. in water, since the conductivity curves 
obtained in non-aqueous solvents often oblige us to suppose that 
a considerable proportion of xmdissociated molecules isl present. 

lanization and Fajans’ Theory.— Among the many acids so fax 
investigated, perchloric acid best retains its character ^ a strong 
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Fio. 4*. Conductivity of Thiocyanates in non-Aqubous Solutions (25°) 


electrolyte when dissolved in non-aqueons liquids. Among salts the 
effects oi dffferent solvents are complicated and specific, and classes 
salts wUch show perfect regularity in water may show gr^t 
^vei^ence in other solvents. On the vdiole, the tendeni^ to'ionization 
is vdat we should expect from Fajans’ theory (p. 340), that is, it 
is jnxtmoted by a large cation and a small anion. The thiocyanates 
sodium, and potassium may be taken as an example. 
.1^1 42 siums their ^uivalent conductivities in methyl alcohol and 
xiilcioraethQXie at 25° plotted against the square root of tite concentra- 
tion. In methyl alcohol, as in wato*, the curves are t^aify parallel 
straight lines. In nitromethane, on the other hand, the tendency 
to ipfnization is mtrch greater in the potas^om salt, with its large 
idiMoa, tlma in the Uthiom salt, with its small one. In ap^ying 
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Fajans’ theory to hydroxylic solvents it is usually necessary to 
take into account the ejffect of solvation. 

Recent conductivity work shows then that the dissociation of 
electrolytes is a very much more complicated problem than was 
supposed when the original theoiy of Arrhenius was introduced. 
The theory of complete dissociation, again, must be restricted to 
dilute solutions in water and a few other solvents of high 
dielectric constant. Mdch work remains to be done on the 
subject. 

Evidence lor fhe Dissociation Theory.— It will be convenient at 
this point to give a list of some of the more important experi- 
mental facts on which the dissociation theory in its widest sense 
is based. It has become so much a part of chemistry that with 
every year it grows more difficult to distinguish between fact 
and theory, but it is important that such a distinction should be 
maintained. 

1. The conductivity work discussed in this chapter, and par- 
ticularly the identity of the electronic charge with that required 
to deposit a univalent atom from solution. 

2. The distinction between electrolytes and non-electrolytes 
revealed by osmotic pressure and related properties (vapour 
pressure, freezing- and boiling-points). 

3. The ionization of crystals (p. 86). 

4. Calculations of dissociation -constants of weak electrolytes 
by several different methods give concordant results: see for 
instance the calculation of the ionization - constant of water 
(p. 191). On the other hand, strong electrolytes still present puzzling 
features. 

5. The properties of solutions appear to be the sum of the pro- 
perties of their ions — e.g. all permanganate solutions are pink; a 
solution of sodium nitrate and potassium chloride cannot be 
distinguished from a solution of sodium chloride and potassium 
nitrate. No properties can be ascribed to the undissodated 
molecules of strong electrol5^es in solution, and as they are known 
not to exist in the solid state it seems illogical to postulate their 
existence in solution. 

6. The heat of neutralization of strong acids and bases is constant 

(p- 193). 

7* The 4issodation theory provides a fairly do» quantitative 
explanation ionic eqinlibria such as those involved in precipitation 
(P-iM). 

.S- l^tribufion experiments such as those of Knight and 
Hiashdwood 184). 

9. Eiqperiments mth radioactive indicators (p. 320). 
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CHAPTER V 


HETEROGENEOUS EQUILIBRIUM 

The phase rule— Derivation of the phase rule— One-component systems— 
Two-component systems — ^Distillation— Immiscible liquids — Solid-liquid 
S3rstems — ^Effect of compound-formation — Effect of mixed-crystid forma- 
tion — Freezing-mixtures — The distribution law — Distribution in con- 
centrated solutions — Experimental devices — Effect of the molecular 
species — Combination with the solvent — Dissociation — Practical applica- 
tions to association, dissociation, extraction, and other equiliMa in solution. 

The Phase Role. — A homogeneous part of a heterogeneous system 
is called a phase. Heterogeneous'equilibrium is the name given to 
equilibrium in systems containing matter in more than one phase. 
A solid may consist of any number of phases if it is heterogeneous — 
e.g. a block of granite containing embedded crystals — and the same 
applies to liquids; thus two immiscible liquids in contact are con- 
sidered to be two phases. But since gases are completely 
miscible, a single system cannot contain more than one vapour 
phase. It is true that these premises are in contradiction to the 
molecular theory, which declares all matter to consist of separate 
particles, but we are justified in maintaining them so long as we 
apply them only to suchTarge numbers of molecules that statistical 
laws are obeyed with precision. 

The fundamental law to which all cases of heterogeneous equi- 
librium must ultimately be referred is the Phase Ride, origin^y 
introduced by Willard Gibbs {1839-1903), Professor of Physics 
at Yale University. The highly abstract nature of this generaliza- 
tion hinders it from giving much assistance to an elementary 
student, but on account of its wide application we shall begin by 
giving a general demonstration of it and apply it later to the 
various cases of heterogeneous equilibrium with which we deal. 

We define the number of components in a system as the number 
of substances whose amounts we are free to fix arbitrarily when the 
temperature and total volume of the system have been specified. 
^ example will help to make this clear. Consider a system contain- 
ing hydrc^ffli, iodine, and hydrogen iodide, in equilibrium. There are 
three substances present, but oidy two components, because if to the 
systein in equilibrium we add,, at constant vdume, an additimial 
quantiity of the substance we have excluded from the list of 
con^pfai^ts it will afiect the amounts of the other two, that is to 

*63 
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say, its amount cannot be varied independently. Any two of the 
substances can be selected as components; \^en their amounts 
are fixed, the amount of the third substance in equilibrium with 
them under the same conditions is likewise fixed. Notice that 
while the amounts of the components present are of prime import- 
ance, the same is not true of the amounts of the phases, but only 
of their number. Thus so long as liquid water remains in a system 
containing only water and water-vapour, the vapoiir pressure at 
constant temperature is constant and is quite indepmdent of the 
amount of liquid water remaining. When one of\ the phases 
reaches microscopic dimensions this is no longer true (see, \for example, 
p. 282), but we have already excluded such system^ from our 
treatment. We shall also exclude systems acted on by exterior 
forces such as gravity or electrical fields, considering only the 
effect of temperature, pressure, and volume. 

Derivation ot the Phase Bole.— Consider a system containing one 
phase and one component, e.g. an enclosure containing steam but 
nothing else. Experience shows that in such a S5^tem temperature, 
pressure, and volume (or its reciprocal the concentration) are 
interdependent. We cannot fix two of them without (also fixing 
the third. In the example we have chosen, the concentration C, 
defined as the reciprocal of the volume V, is connected with the 
absolute temperature T and the pressure p by the relation 
I P 

For any other one-phase one-component system 
some relation must exist between C, p, and T\ let us write it 

Let us now consider a system containing two phases but one 
component, e.g. an enclosure containing water and water-vapour. 
For each phase we have one equation, namely and 

C,=/,(rj, p'^. In the example we have chosen the equation 
applying to the liquid phase will not be in the form pV=RT, but 
tKW be a ptuch less simple relation describing the variation of the 
volume of unit mass of liquid water with temperature and pressure. 
Now there will be a constant exchange of material between the two 
phases. In our example, water will be continually entering the 
fiqoid i^iase from the vapour phase and vice versa. The rate 
at which water leaves the vapour phase will be a function of the 
temperature, pressure, and concentration in that phase; call 
V which water leaves the liquid 

system is in equilibrium, the rate at 
water leaves one phase is equal to the rate at which it leaves 
other, so that: 
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However nmn^ous the components, an equation can be written 
connecting their concentrations in each phase with the temperature 
and pressure, and for each pak of phases an equation can be written 
for each component expressing the equality of its tendencies to 
pass from one to the other. Now P phases can be arranged in 
P— I pairs, so that if there are n components there will be P equations 
of the first kind and »(P— i) equations of the second kind, making 
a total of P(w+i)—« equations. The variables in these equations 
are nP concentrations, temperature, and pressure (these two must 
be the same throughout the system at equilibrium), or nP+2 in 
all. We have therefore P(«+i)— n equations containing nP+2 
variables. In order to determine these variables a+«— P more 
equations are required, or in other words we may assign arbitrary 
v^ues to 2+n—P variables without violating any of the equations 
we have already deduced. This number 2 +«--P is therefore 
said to denote the number of degrees of freedom of the S5^stem: the 
phase rule states that the number of degrees of freedom (which 
we may denote by F) is given by the equation F=2+n-~P, or: 

Let us take an example. Ether is slightly soluble in water, but 
if the mixture contains more than a small proportion of ether it 
separates into two layers, one consisting of ether saturated with 
water, the other of water saturated with ether. If this proportion 
has been exceeded, a system containing the mixed liquids and 
vapour will consist of three phases — two liquid and one gaseous. 
Since the number of components is 2, the system should have 
2 + 2 — 3=1 degree of freedom, and if we fix, for example, the tem- 
perature, the vapour pressure must be invariable. This is found 
to be true. But if there is not enough ether to saturate the water 
there will be only two phases, one liquid and one gaseous, and the 
number of degrees of freedom should be 2+2— 2=2. If then the 
temperature is fixed we can still vary arbitrarily either the concen- 
tration of the solution (that is, the proportion of ether in it) or the 
pressure, but not teth, and this also is true. 

Qiift>eompoB«at Ssrrtenut— With one component in one phase, 
there are two d^;rees of freedom. Thus if a vapour is contained 
in an enclosure, we can vary either the temperature and the pressure, 
or the {Hessuie and the ccmceitration (defined as the mass of v^ur 
in the endosure), or the temperature and the concentration. With 
one coprponent in two {diases, there is one degree of freedom ; thus the 
vapour pressure of a liquid (or a solid) at a fixed temperature is a om- 
stant» or again the melting-poini of a solid at a fixed pressure (ie. the 
ten^pcaature at wifidi it is in equilibrium with liquid) k a constant. 
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With one component in three phases the system has no degrees 
of freedom, i.e. it is invariant. For example, the diagram {Fig. 43) 
shows the relations between pressure and temperature of ^ system 
containing solid, liquid, and vapour of the same substance, or any 
two of them. OA is the vapour-pressure curve of the solid, CC' 
the vapour-pressure curve of the liquid. These cur>^es cut at 0 , 



Fig. 43. A Three-phase One-component System 


and the abscissa of this point is the melting-point of the substance 
at a pressure represented by the ordinate of O. As the pressure 
is increased above this value a change takes place in the melting- 
point, which may be either raised or lowered. The connection 
between the pressure and the melting-point is given by OB, 
which in the diagram is drawn for a substance whose melting- 
point is reduced by increased pressure; Le Chatelier's rule tells 
us that it must be a substance like water that expands on 
freezing. 

Between AO and BO the stable form is solid, between BO and 
CO liquid, and between CO and AO vapour. Along AO solid 
and vapour can exist together in equilibrium, along BO solid and 
liquid, along CO liquid and vapour Only at one point, O, called 
the triple point, can solid, liquidrand vapour exist together in 
equilibrium; hence if all these phases are to be present the system 
is invariant. The triple point of the ice-water-water-vapour 
system lies at a pressure of 4*6 mm. of marcury and a temperature 
of +0'Oo8^ C. 

It will be observed that the liquid-vapour curve has in the 
diagram been produced beyond the triple point to C'. This is in 
agreement with observation, since in the absence of the solid 
phase liquids can often be undert»>aled to t^pautures far betow 



HETEROGENEOUS EQUILIBRIUM 167 

their freezing-point without solidification. Phases which persist 
under conditions in which they should normaDy disappear are 
said to be tmtastable. The vapour pressure of the metastable phase 
is always higher than that of the stable phase: if this were not so 
isothermal distillation could take place from the more stable phase 
to the less stable. Since the stable phase is defined as that which 
cannot spontaneously change, this is impossible. This has been 
verified for ice and water: water can be undercooled to about 
—10^ C., as Fahrenheit discovered more than two hundred years 
ago, and the vapour pressure of 

water at any temperature below o® / 

C. is greater than that of ice at the 
same temperature. Solidification 
can always be brought about by the 
addition of a small fragment of the 
solid, and this behaviour recalls that 
of super-saturated solutions. Ansdi- 
ogously water, when suspended ^ ‘ 
as drops in a liquid of equal den- 
sity, can be heated to about ^ 

180® without boiling: there are, *1 
however, no recorded cases of 
a solid being heated above its 
melting - point without melting. Fig* 44 - The Vapour Pressure 
An interesting example of metasta- 
bility is afforded by the allotropic 

modifications of tin. It* has long been known that in unusually 
severe cold weather articles made of tin are liable to aumble to a 
grey powder. This grey form of tin is an allotropic modification 
and is the stable form up to a temperature of 13® C. Under ordinary 
winter conditions white or ordinary tin is in fact metastable. The 
permanence of tin articles is due to the extreme slowness of the 
change firom the metastable to the stable state. The change is 
promoted by cooling to temperatures considerably beneath 13®. 
The measurement of the vapour pressure of tin is a matter of great 
difiBculty on account of its extremely low value, but if the vapour 
pressures of the two forms were plotted against the temperature^ 
the curves would intersect at 13® as in the di^am (Fig. 44). Above 
13° ^hite tin has the lower vapour pressure and is the stabler form; 
below 13® its vapour pressure is higher than that of grey tin and 
it is metastable. It has already bSsn pointed out that the phase 
rule can be applied only to systems that have reached stable 
equiUbrium. 

SFStfflSis. — Systems containing two components 
^d two phases can exist in a great variety of forms. We shall 
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condder one or two representative cases of the S3^enis solid-vaponr, 
Uqtud-vapour, liquid-liquid and solid-liquid. In all these systems, 
Him will be two degrees of freedom as long as the number of phases 
remains at two. It might be supposed mat this would apply to 
the well-known examples of equilibiiiun between hydrated salts and 
water-vapour, but it is evident that as soon as the given hydrate 
either loses water or takes it up to form a lower orihigher hydrate 
the s^tem must be considered to contain two solid phases, making 
three in all, and has therefore only one degree of freedom. If the 
temperature is fixed the pressure of water-vapour must then remain 
at a fixed value. This rather surprising deduction is\in agreement 
with experiments made long before the phase rule was understood. 
Thus compounds such as CuSO^.sHjO and CUSO4.3H8O can exist 
together in equilibrium only in the presence of water-vapour at a 
dd^te pressure. If the actual pressure exceeds this value, some 
CuS 04.3H,0 will take up water to form CuSO^.sHjO, whereas if 
the value is not reached, some CuSO^.sHjO will lose water to form 
CuS04.3H,0 [efflorescence). If only one hydrate is present the total 
number of phases is two and the S3^tem has two degrees of fireedom, 
so that at constant temperature such a compound as CdS04.3Hj0 is 
stable between definite limits of pressure of water-vapour. 

Solids that dissolve in the water they absorb from moist air are 
said to be deliquescent. A solid deliquesces if the pressure of water- 
vapour in the surrounding atmosphere exceeds the vapour pressure 
of its saturated solution. 

Diatillation. — In liquid-vapour s3^tems relations are perhaps 
slightly more difficult to understand, but the practical applications 
are at least of equal importance, since they include the behaviour of 
liquids on distillation. We shall first deal with liquids miscible 
in all proportions, representing their relations by means of isobaiic 
curves connecting composition and temperature. The isothermal 
corves connecting composition and pressure can be treated in a 
somewhat similar way, and the relations between composition, 
pressure, and temperature can all be represented simultaneously 
by a space-model of curved surfaces. 

The diagram (Fig. 45) represqpts the connection between the 
temperature and the composition of the liquid and vapour phases 
of two completely misdble liquids A and S at constant pressure. 

point A is the boiling-point of A at that pressure, B is the boiling- 
pwt of B. The curve AXB shows the conna:tion between the 
fii^ 3 ing-pomt of the liquid and its compo^cm. As we shall see, 
it'Can have mcne than one ioam, and may show a maxmmm or a 
nrfnimum: the ample fomi Miown in this diagram is usuafly found 
wten tile two components are closely related dianically. 

MN is paraUd to the composition axis. M represents tiie 
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temperature at which a liquid of composition L will begin to boil. 
The point Y on MN represents the composition P of the vapour in 
equilibrium with the liquid. The upper curve connecting A and 
B is made up of such points, and just as M is the temperature at which 
a liquid of composition L begins to boil, so is it the temperature 
at which a vapour of composition P begins to condense. Below 
AXB only liquid can exist, 
above AYB only vapour. 


between them liquid and 
vapour can exist together. 

Suppose now that the 
liquid of composition L is 
to be distilled at constant 
pressure. When the tem- 
I^rature reaches M the 
liquid boils and vapour of 
composition Y leaves the 
system. This vapour is 
richer than the liquid is in 
component B (which has the 
lower boiling-point), and 
the liquid is thus left richer 
in component A. After a 
short interval its com- 
position will be represented 
by V, and the boiling- 
point will be M'. The 



Composition 
B 


Two Completely Miscible 
Liquids: Phase Diagram 


vapour also becomes pro- 

gre^ively richer in component A, and at this point has the com- 
position P'. If the distillation is stopped at this point, the liquid 
mixture has been separated into two p^s: a residue of composition 
L', richer in A than the original mixture, and a distillate of com- 
position somewhere between P and P', richer in B than the origin^ 
mixture. By again distilling these liquids a further separation 
can be effected, and by uniting the middle fractions and re^stilling 
them it is in, time possible to obtain reasonable yields of liquids 
closely approximating to pure A and pure B in composition. It 
is, however, impossible by a foiite number of distillations to obtsdn 
finite quantities of either pure A or pure B. The efficiency of the 
proce^ can be improved by the use of a long fractionating column, 
m which the ascending vapour is brought into equilibrium with the 
condensed Kq^uid. 

If tibe boilmg-point curves show minima or maxima (Fig. 46) 
the conditions are still less favourable for separation. Water and 
ethyl alcohol am an example of the first, water and nitric add 
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Composition 


Composition 


Fig. 46. Vapour Pressure of Two Completely Miscible Liquids 


components: water if the original liquid contained more water 
than the constant-boiling mixture, and ethyl alcohol if it con- 
tained less. Water and hydrogen chloride also form a constant- 
boiling mixture which contains about 20 per cent hydrogen chloride 
at 760 mm. ; the preparation of this solution by (fistillation is one 
of the most accurate methods of obtaining a standard solution of 
the acid for volumetric analysis. It is merely necessary to distil the 
20 per cent acid (density very nearly i-i gm. per c.c. at 15°) at the 
rate of 3 to 4 c.c, a minute, rejecting the first three-quarters of 
the distfflate and leaving some residue in the flask. The remainder 
of the distiUate then contains exactly 20*221 per cent of hydrogen 
chloride by weight, if the barometer stands at 760 mm. ; for other 
barometric reacSngs a very small correction is required. 

Xoimbeltdd — In systems containing two liquid com- 

ponents we shall for the moment consider only the two liquid phases 
that exist when the liquids are not completely miscible. In the 
absimce of the vapour phase the system has two degrees of freedom, 
so that if the tcmp^ature and pressure are fixed there is only one 
possible value for the composition of each |diase. The system then 
consists of a saturated solution of A in B and a saturated solution 
B in A. In Bigs. 47 and 48 the points X and Y represent the 
compositions of saturated sohiticms of B in A and of A in B, both 
at a temperature T^. If the solubilities increase with temperature, 
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as in Fig. 47, or decrease, as in Fig. 48, the curves must meet to 

form a maximum or nunimum respectively, at a temperature 

called the critical solution temperature. Inside the curve two 

liquid layers exist in equilibrium, outside it only one; it is therefore 

impossible for two layers to separate 

out above this temperature (in case i) A 

or below it (in case 2). Organic | 

compounds are known with which 5; 

water form mixtures of both t5q)es, 3 / 

and pairs of liquids have also been g T...x/ .jSX.., 

discovered whose solubility curves j \ 

are closed at both ends. The be- | / \ 

haviour of water and aniline is of / \ 

the type shown in Fig. 47. Fig. 48 I / \ 

shows the type of behaviour of • Ll i 

water and dimethylamine, and water Composition B 

and nicotine give a closed curve. ^ 

A system containing two immis- 
cible liquids and a vapour phase . rr 1 

has only one degree of freedom, and t 1 

the vapour pressure at a fixed tern- ^ \ / 

perature is independent of the com- g \ 

position (Fig. 49), being equal f ^ y W /Y 

the sum of the vapour pressures of / 

the components. Since all liquids & \ / 

have some mutual solubility, how- S \ / 

ever small, this tj^ of relation is no ^ 
more than a limiting case, though | 

such pairs of liquids as water and L 1 

mercury approach it very closely. ^ Composition o 
When the liquids are partially Fig. 48 

miscible the most usual type of Figs. 47 & 48. Mutual Solu- 


curve is that shown in Fig. 50 ; the bility of Two Liquids 
vapour pressure, * in accordance 

with the phase rule, is constant only over that part of the range 
(BC in the diagram) within which two liquid phases are stable. 
Ether and water form a system of this type. 

Liquids with high boiling-points, if they are immiscible with 
water, can frequently be separated from impurities by steam distilla- 
tion at about 100°, an operation common in organic chemistry. 
Avogadro's principle and the gas laws show that the numbers of 
molecules of the organic liquid and of water in the distillate are 
proportional to the vapour pressures of the liquid and of water at 
this temperature, and from this relation the proportion by weight 
can be cahmlated if the vapour pressure and molecular weight of 
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the liquid are known. The only function of the steam is to accelerate 
the vaporization of the liquid to be distilled by sweeping its vapour 
from the distillation flask. Water itself can be removed by distilla- 
tion below 100° with an inert liquid (see hydrogen peroxide, p. 379). 
The advantage of these processes is the low temperature at which 
distillation can be carried out. I 



Vapour Pressure of Immiscible and Partially Immiscible Liquids 


S(flid-liaaid Systems. — Solid-liquid systems are, from the industrial 
standpoint, perhaps the most important of all those to which the 
phase rule can usefully be appli^. Some such guide is essential 
in investigating the preparation and properties of allo3re. For a 
full description of these ssrstems a textbook of metallurgy must 
be consulted; we shall restrict ourselves to the more important 
types of two-component systems generally containing only two 
phases. 

It will be necessary at the outset to decide how many phases 
are to be assigned to the solid mixture containing both components. 
Homogeneity must be the criterion — heterogeneous mixtures con- 
tain two or more phases, homogeneous only one. Homogeneous 
two-component solids are called either ‘ mixed crystals ' or ' solid 
solutions/ and they are detected either by examination of a section 
under the microscope or by the peculiar form'Vhich they give to 
the phase diagram. 

Since the melting-points of solids are only slightly affected by 
dianges of pressure, the most informative diagrams for solid-liquid 
imtems are tho^ connecting temperature and composition. Fig. 51 
wows the relations at constant pressure between two components 
wifldi form neither a compound nor mixed crystals. The com- 
pcmmt A melts at a temperature represented by A, vdiile B melts 
idt B. The addition of B to A lowers the freezmg-poiat of A, and 
the curve AC (whidi with BC is called the Ufuidus) skom the 
freezing-points of such mixtures. Shnilarly the lowering of the 
ftnmflng'point of B brouiht abotit by the adthtioo of A Is lepre- 
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sented by BC, These curves meet at C (called the eidecMc point). 
Since at C the two solid phases A and B can coexist in equilibrium 
with the liquid phase, the system has only one degree of freedom. 
It follows that if , as in this case, the pressure is fixed, the position 
of the eutectic point is fixed both as regards temperature and 
composition. 

Liquids of any other, than the eutectic composition deposit 
either pure A or pure B on freezing, according as they contain 
more or less of these components than the eutectic mixture contains. 



Fig. 51. Two Immiscible Solids: Phase Diagram 

If, for example, the liquid of composition P be cooled, it will at a 
temperature Tj deposit pure solid A. This leaves the liquid richer 
in B, and the temperature gradually sinks as the composition 
changes in a way represented by the curve AC. At C the whole of 
the remaining liquid, which now has the eutectic composition, 
solidifies. If a solid mixture, containing let us say more component 
B than corresponds with the eutectic composition, is heated, it 
begins to melt as soon as the eutectic temperature is reached, and 
the liquid formed has the eutectic composition. This leaves the 
solid richer in B, and its composition-temperature relations are 
represented by* CE until all the component A is present in the liquid 
phase. The melting-point then rises sharply as the component B 
melts, until the system is wholly liquid at a temperature located on 
the line CB. 


course of the Uquidus is usually determined by means of a 
scries of cooling curves on difierrot mixtures. In such an experi- 
ment the liquM is contained in a vessel in an enclosure free rrom 
draughts and at a temperature wdl below the eutectic temperature. 
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Readings are taken at equal intervals of time with a thermo- 
meter or thermocouple in the liquid. To ensure equilibrium it 
must be kept well stirred. The rate of loss of heat from the 
vessel depends only on the difference in temperature between the 
vessel and its surroundings, so that if any change takes place in 
the liquid in which heat is absorbed or liberated jit will betray 
itself by a change in the rate of fall of temperature. \ The diagram 
(Fig. 52) shows such a plot of time against temperatii^e. is the 



Fig. 52. Cooling Curve of a Binary Mixture 


freezing-point on the liquidus; at this point one of the pure com- 
ponents begins to separate. The loss of heat from the containing 
vessel is how partly supplied by the latent heat of fusion, and the rate 
of fall of temperature is thereby diminished, hence at R the slope of 
the curve suffers an abrupt change. is the eutectic temperature. 
At tlus point the whole of the remaining liquid has the eutectic 
composition, and solidifies at a rate exactly sufficient to provide 
enough latent heat of fusion to balance the loss of heat by cooling, 
fot‘ when both the liquid and solid forms of a pure substance or of 
a eutectic mixture are present in equilibrium the temperature 
must remain constant until one or other has disappeared. At 
Tg a flat portion SU of the curve therefore appears; at U all the 
liquid has solidified and the mixture begins to faU again in 
temperatum. 

II a l^tud mixture is taken with a composition nearer to the 
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eutectic composition than the liquid we have considered, the cooling 
curve will show the following differences; 

(i) The temperature wiU come closer to which is the 
same for all mixtures. 

(ii) The portion RS of the curve will be shorter, since there is 
less of the pure component to separate. 

(iii) The flat portion SU — called the eutectic arrest — be 
longer, since there is more eutectic to separate. 


If one of the pure components is taken, the portion RS of the curve 
becomes long and horizontal and SU disappears, since the melting- 
and freezing-points of pure substances coincide. In organic 
chemistry the melting-point, and also the boiling-point under 
standard pressure, are widely used as criteria of purity, since the 
addition of foreign substances causes an apparent change in both 
these constants. If the substaifce is known to be pure, these 
constants are also frequently used to establish its identity. The 
conclusive test is to mix some of the substance with a pure sample of 
what it is believed to be: if the supposition is correct there will 
be no change in the melting- or boiling-point, but if a mistake 
has been made a change will be observed. 

Effect 0! Compound-fcxrmation. — If the two components form a 


compound a rather different type of curve is obtained. In the 
diagram (Fig. 53) A X 

and B are the melting- 
points of the compo- Y 
nents, while C is the 
melting-point of the 
compound, which may g 
be either above or be- a 
low the melting-points « 
of either of the com- ^ 

I^nents. Distheeutec- g 
tic (I) between A and ^ 
the compound, F the 1 
eutectic (II) ' between \ 
the compound and B, 

llieliquidusisADCFB, „ formIIton of a roMPoimn* 
thesoUdnsALMCNPB. 53 - 

It is simplest to divide 

the sjjstem down the line XY into two two-component systems, one 
wntaining A and the compound, the other the compound and B: 
t^ has been done in Fig. 54. It must, however, be remembered 
that there is no discontinuity in the curve at C. 



- Composition 
Formation of a Compound: 
Fbasb Diagram 
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If the components form more than one compotmd there wiD 
be more than one hump in the curve. Metals often form a series 

X X 




Fig. 54. Formation of a Compound: Phase Diagram 

of such compounds, whose isolation is a matter of dif&iulty. Con- 
sequently phase diagrams are much used in the investigation of 
alloys; the conclusions can be confirmed by microscopic examina- 

■ tion of a section. Fig. 55 is a 

photomicrograph of an etched 
section of an alloy of lead and tin. 
The crystals of tin, whidh appear 
white in the photograph, are 
separated from each other by the 
eutectic mixture, which appears 
black. The original melted alloy 
mixture was evidently richer in 
tin than the liquid eutectic mix- 
ture. Hence pure tin crystallizes 
until the eutectic temperature 
is reached, when minute cry- 
^stals of lead and tin, closely 
interwoven, are simultaneously 
deposited between the crystals 
of tin. The phase rule inter- 
Fia. 55* Photomicrograph of an pretatkm of this solid is that it is 
Aixov OF Lead and Tin simj^y a mixture, in two phases, 

of tin and lead. The appear- 
ance, however, is that of a mixture of (solidified) eutectic and tin. 
this segregation of ' i^tectic * is of great importance in determining 
tl^prc^eitiesof alloys, but in thecuy arises only because of the low 
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rate of diffusion in the solid phase. It is in this sense that the 
descriptions of the solid phases introduced in Figs. 51 and 53 are to 
be understood. 

Eutectic mixtures and constant-boiling mixtures have the 
following properties: 

(i) . Their melting- and freezing-points (or boiling- and condensing- 

points as the case may be) are identical. 

(ii) They have constant composition, at constant pressure. 

These properties have on several occasions led to the suggestion 
that they really are compounds. This suggestion can be conclusively 
disproved by a study of the effect of pressure, which changes both 
the melting and boiling-points and the composition of the eutectic. 
Since the effect of pressure on the properties of solids (e.g. alloys) is 
always very slight, the criterion is not always easy to apply, but 
any variation in composition frqm simple atomic ratios can be 
taken to suggest the presence of a eutectic mixture. 

Effect ol BIked-crystal Formation. — If the components form 
mixed crystals in all proportions an entirely different phase diagram 
is obtained (Fig. 56). Since the components are completely miscible 
there are only two phases, one liquid and one solid. The diagram 



Fxo. 56. arwo Completely Miscible Solids: Phase DiAGxtA.M 

therefore bears a striking resemblance to Fig. 45, which shows a 
liquid-vapour system, and the curves can be described on similar 
lines. Solid-liquid sterns are also known sinular to the liquid* 
vapour S3^ems represented by Fig. 46, and in these the sondns 
^d llquidus have a common minimum or maximum. The latter 
case i$ curious^ since the addition of either componmt to the 
other raises the mdlting-point instead of lowering it: such systems 
h(^ver> very uncommon. 
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It frequently happens that the components form mixed crystals 
over a l^ted range of composition. The diagram (Fig. 57) shows 
the behaviour of two components, A and B, which behave in this 
fashion, and from what has been said already should be self- 
explanatory. L represents the composition of a saturated solution 
of B in A, M the composition of a saturated solution of A in B. 
Relationships of this type are very common bet^v1een the metals, 
but the complications caused by the variation of the mutual 
solubility with temperature (compare the discussion djf two partially 



Composition 


Fig. 57. Two Partially Miscible Solids: Phase Diagram 


misdble liquids on p. 171) cannot be considered here. In the 
diagram the mutual solubility is shown as independent of the 
temperature. 

It has been pointed out by Rivett in his book on the phase rule 
that the simple diagram (Fig. 51) showing no solid solutions is a 
limiting Case of Fig. 57 which, strictly speaking, could never occur. 
Since, however, the mutual miscibility of many solids is so small 
as to escape detection, the simples*diagram may safely be used for 
any system in which the deviations of AD and BE from the vertical 
are too small to be measured. 

IltMidng>]nizbit88. — ^Before leaving the subject of two-component 
systems in the soM and liquid phases we may aEode to the forma- 
tkm of h^ing-mixtures made by mixing salts with ice or snow. 
IThese systems can be clearly unwrstood only if it is realized ^at 
(toe is no essential distinction between soluMity- and freezing- 
curves, since both mdicate the temperatute at which solid 
m^ be expected to separate from the liquid j^iase. Thus if 
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potassium chloride is added to ice the temperature falls until it 
reaches the eutectic (or so-called ‘ cryohydric ') temperature at 
—II® C., when the mixture contains 20 per cent of salt, A solution 
containing a larger proportion of salt than this begins to freeze 
at a higher temperature, and the solid which it deposits is not ice 
but salt. The curve CD (Fig. 58) is therefore the bottom part of 
the solubflity-curve of the salt in water; any discontinuities it 
may show are due to the formation of hydrates. There is, in fact, 
no essential difference of t5^e between the curves AC and DC. The 



Fig. 58, Freezing-mixture: Phase Diagram 


student should now revert to the ferric chloride solubility diagram 
in Chapter IV, p. 131, and see what new light is thrown on it by 
the phase-rule principles that we have discussed. 

The Distribution Jaw. — In discussing from a qualitative aspect 
the subject of heterogeneous equilibrium we have hitherto been 
guided chiefly by the phase rule. The Distribution Law (sonaetimes 
called the Partition Law) is a generalization of almost equal import- 
ance and of a quantitative kind. Established experimentally by 
various workers for different systems, it was first put into a gener^ 
form by Nernst in 1891, and has since been of the greatest service 
in the investigation of chemical equilibrium. It may stated 
as follows: A" substance divides itself between two phases in such a 
way that the ratio of its concentrations in each phase is constant^ 
provided that it is present in each phase in the same molecular species* 

We shall consider first the type of system to which the distribution 
law is most often applied — ^that of a solute in two immiscible (or 
slightly miscible) liquids. If the solute is called X and the 
liquids are called A and B, the law states that at equilibrium 

^nc. of X in A If a further quantity of X is added 

tone. 
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to the system, it will divide itself between the solvents in such 
proportions that the constancy of this ratio is not disturbed. The 
term ' molecular species ' refers to the atomicity of the molecule, or, 
better, of the solute' particles in each solvent: thus if in solvent A 
the solute X were partially associated into molecules X2, the law 
in its simple form could no longer be applied. 

The distribution law majf be regarded as a 
« I * ^ simple corollaryofthe law of mass-action, if 

oQlyentA regard X dissolved in A md X dissolved 

in B as separate chemical individuals: 

X dissolved in A^X dis^lved in B. 

The rate of change from le^t to right is 
proportional to the concentration of X in 
A, from right to left the rate of change is 
X proportional to the concentration of X in 

^ „ B. At equilibrium these rates of change 

bolv^:^ a,re equal, and the ratio of the concentra- 

tions is therefore a constant. 

Fig, 59. Distribution Applied to one-component isolid-vapour 
BETWEEN Two SOLVENTS and Uquid-vapouT systems, the law leads 

to relations with which we are already 
familiar. Since the concentration of a gas may be represented by 
its density, which in turn is at constant temperature proportion^ 
to its pressure, and since the concentration or active mass of a 
solid or pure liquid is a constant (see the discussion of the law of 
mass-action), it follows that at constant temperature both liquids 
and solids have constant vapour pressures, a conclusion that may 
also be reached by the more general method of the phase rule. 
By an extension to two-component systems, Henry's Law can be 
drauced, to the effect that the solubility of a gas in a liquid is 
proportional to its pressure above it. In two-component solid- 
liquid systems we learn that the concentration of a given solid 
in a given solvent in equilibrium with the solid is a constant at 
a fixed temperatxure — ^this concentration simply represents the 
solubility. _ 

IHMximtfam in Ocmoentrated Solutions.— In the discussion of 


Solvent B 


Fig, 59. Distribution 

BETWEEN Two SOLVENTS 


t!be law of mass-action it was pointed out that at high concentra- 
tions considerable deviations £rom the law might be observed. 
Tfie same applies to the distribution law, and no case is km)wn in 
which the distributkm ratio is quite constant up to saturation and 
in aQ circumstances. GaimUy speakings the greater the con- 
emtration the greater the deviation from theory. To take the 
epmple of a Mute distributed between two solvents: If the law 
wm exacitly obeyed up to saturation the distribution ratio could 
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be calculated from the ratio of the solubilities, since the saturated 
solutions must be in equilibrium. But this calculation, if made, 
is successful only for very slightly soluble substances; others nearly 
always show considerable deviations in concentrated solutions. 

Ezpenmental Devices. — In modem work these difficulties are 
usually avoided by various devices. If the solute is volatile 
(e.g. iodine or bromme) the two solutions need not be brought 
into contact at all. If they both communicate with the same 
vapour, they will in time reach equilibrium. In this way the dis- 
tribution of a volatile solute between two water phases can be 
measured without the necessity of using a second solvent. In 
an American apparatus called the equUibrator the same air is 
made to bubble through the solutions in turn by revolving the 
whole apparatus about an eccentric axis, and in other devices the 
common vapour phase is exhausted to facilitate the diffiision of 
the solute vapour. If for some reason a second solvent cannot be 
dispensed with, any disturbing effects due to its solubility in the 
first solvent may be compensated by bringing the two solutions to 
be tested into equilibrium with the same solution in the second 
solvent; they must then be in equili- 
brium with each other with respect to 
the common solute. PKaci* l 

Effect ol the Molecular Species.— ^nasei 


X(a) 


Phase 2 


4 

X 

(c) 


Deviations of quite another kind, invol- 
ving alteration in the molecular species, 
are of great importance, and must now be 
considered. Suppose the solute X is asso- 
ciated in phase 2 , in which it exists almost 
entirely in the form of molecules X„, while 
in phase i the molecules are almost exclu- 
sively simple. There are then two equfli- 
bria to consider; one between the phases 
and the other in phase 2 . For if equili- 
brium is reached there must be some 
common species, even if present only in 
very small amount (in one of the phases), 

^d the simplest assumption is that 
phase 2 contains a concentration of single 

molecules negligible in comparison with the concentration of X„. 
Call the concentrations a, 6, and c, as shown in the diagram. Then 


Fig. 60. Distribution of 
AN Associated Sub- 
stance BETWEEN Two 
Phases 


from the distribution law where is a constant, while 

c 

ibe kiw of mass-action where constant. Hence 
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i-=constant, and since c is negligible in comparison with b, we 
0 

may say |db^ c* p^e ~ ^| = constant. A good example of this 

behaviour is afforded by benzoic acid in water and toluene. 
The acid is weak, and in water exists almost entirely in 
single molecules (dissociation can as a first ap^oximation be 
neglected), but in toluene as double molecules. is therefore 
found that 

(Cone, in water) ^ 

(Cone, in toluene) 

is a constant. Since the general equation can be wri^ten: 
n log (cone, in phase i)=]og constant +log (cone, in phase 2), 


the experimental results of the investigation of such a system are 
usually converted to this form. If the logs of the concentrations 
in the two phases are plotted against one another, the value of n 
can be read off from the slope of the line. 

Combination with the Solvent. — In dilute solutions combination 
with the solvent will not affect the constancy of the distribution 
ratio, for in such solutions the active mass of the solvent may be 
considered to be a constant, and the equilibrium in the equation 
X+ sol vent 5=iX, solvent 


is therefore unaffected by dilution. 


C- [X] 

Since " r — T i is a 
[X, solvent] 


constant. 


the proportion of X combined with solvent is likewise constant, 
and neglect of this combination will alter only the magnitude of 
the distribution ratio as determined experimentally, not its 


constancy. 

DUBoefation. — If the solute is dissociated in one phase but not in 
the other no constant distribution ratio will be obtained, but the 
d^ee of d^sociation can sometimes be calculated. Suppose the 
substance X to dissociate in phase 2 into L and M, which may be 
ions or uncharged molecules, and let a be the degree of dissociation. 
Then if the dissociation obeys the^w of mass-action we have, by 
reasoning similar to that already employed (see fig. 61) : 



"II the concentrations a and (6+c) are determined by analysis, we 
„4^iiave four equations and five unknowns, namely 6, c, a, Jf^, and K^. 
I# lliese equatioi^ cannot be solved, but if we make another set of 
^ measurements at a c^erent dilution we get four new equations and 
mfly thm new unknowns (namdy the new values of 6, c, and a). 
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We have now eight equations and eight unknowns, and can solve 
them. The method has two defects, viz. : 

(i) that the dissociation of strong electrolytes does not obey 
the law of mass-action; 

(ii) that the dissociation of weak electrolytes in solutions suffi- 
ciently concentrated for measurement is usually too smaU 
to be measured in this way. 

Nevertheless, the method has yielded some highly important 
results, which will be briefly discussed below. 

It must be remembered that distribution 
measurements give no information about the 
actual molecular condition in any phase, 
but merely indicate any difference there 
may be in the molecular condition in different 
phases. In order to draw definite conclu- 
sions from such results, it is always neces- 
sary to measure the molecular weight in one 
phase or both by vapour-density or freezing- 
point determinations. Caution must also be 
exercised in dealing with liquid-liquid systems 
in which the common solute may have 
any pronounced effect on the equilibrium 
between the solvents. Thus the addition 
of hydrogen chloride increases the mutual ^ ^ 

solubmty of ether and water to such a ^jssocoSm 

degree that distribution measurements of Substance bbtwbbm 
hydrogen chloride between these solvents Two Phases 
would be very difficult to interpret. A high 
mutual solubility of the two solvents is in any case always a 
disadvantage. 

Praotieal Applications. — We shall now briefly describe some of 
the aj^lications of the ^tribution law to the problems of chemistry, 
under the following headings: 

1. Associaiion; 

2. Dissociation ; 

3. Extraction: 

while the important applications of the law to 4. Comphx ions 
wd 5. Hydr^sis will be conndered under these headings in the 
next (^pter, 

f. .tissocuifum.— The method has already be«i described. In 
^ ^y it has been shown that benzoic acM, acetic acid, and other 
substances are associated in various organic solvents, while lithium 
™l(^aie is assodated in amyl akohol. 


Phase 1 




X 

i(b) (b) (c) 

Phase 2 
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2. Dissociation . — In 1927 Knight and Hinshelwood measured 
the distribution of hydrogen chloride between water iind benzene, 
and in 1930 simQar measurements were carried out by Wynne- 
JONES on water and nitrobenzene (Fig. 62). He found that in 
solutions as concentrated as 8N practically the whole of the hydrogen 
chloride was in the water layer, while in dilute sdlutions the con- 
centration in the nitrobenzene layer was so minute \as to be difficult 



Fig,' 6s. Disziubutiom of Hydrogen Chloride between Nitro- 
benzene AND Water (zj^ 


to detect. Since hydrogen chloride is very soluble in both liquids, 
and since the nitrobenzene solutions are known to contain some 
at least of the solute in the form of angle molecules, it must be 
assumed that the concentration of angfo molecules in the water 
fo neglimldy small Cmnbination with the solvent cannot 
for this effect, because, small as it is, the disfxibution- 
cgffllident varies enormouMy with the concentration. The results 
thetefore a strffiing coi^fomation, amounting almost to inoof, 
of the theory of compete dissociation of strong etectrc^es, and 
are all the more valuable because combination between smvmit and 
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solute has on occasion been advanced as a tentative explanation 
of some of the other phenomena on which the ionic theory is based. 
The abnormally low vapour pressure of hydrogen chloride over 
its dilute aqueous solutions points in the same direction; it is so 
small that such solutions can be boiled for hours without appreciable 
loss of the add. 

Hill found that silver perchlorate (a strong electrolyte in water) 
was completely extracted by water from its solutions in benzene 
or toluene, but that aniline would extract it completely from 
water. With the base a relatively stable complex is produced. In 
the same way it has been suggested that the inability of carbon 
tetrachloride to extract any iodine monochloride from its solu- 
tions in aqueous hydrochloric acid points to the absence of any 
ICl molecules in the latter. Distribution measurements between 
toluene and water have been used to estimate the degree of disso- 
ciation of mercuric chloride, one of the small class of abnormal 
salts which are only slightly dissociated in water. The HgCl, 
molecules are soluble in toluene, but the ions HgCl* and Cl' appear 
not to be capable of existence in that solvent. The results are in 
fair agreement with the law of mass-action. 

3. Extraction . — In this process a solute is removed from a solu- 
tion by shaking it with another solvent (immiscible with the first) 
in which it is more soluble: the favourable distribution ratio then 
causes most of it to pass into the latter. Extraction of aqueous 
solutions with ether is one of the commonest operations of organic 
chemistry, since most non-hydroxylic organic compounds are 
much more soluble in ether than in water. The process has the 
double advantage that it frees the solute from inorganic substances 
present in the aqueous solution (since these are nearly all insoluble 
in ether) and that the ether can be removed from the solute by 
evaporation at a lower temperature than the water, an important 
point when the solute is volatile or easily decomposed by heat. 
In inorganic chemistry such substances as iodine, bromine, sulphur, 
hydrogen peroxide, and ferric chloride can all be extracted from 
water by suitable solvents, and this is sometimes made use of in 
qualitative analysis. Given an aqueous solution and a fixed 
volume of solvent, e,g. ether, with which to extract it, it is then 
important to decide on the most efficient way of doing so. Suppose 
the volumes of water and ether are equal and that the distribution 
ratio of the substance to be extracted is 3 to i in favour of the 
ether. If we do the extraction in one operation we shall leave a 
quarter of the substance in the water, and our yield is only 75 
< 5 ent If we divide the ether into four equal parts and 
extract with each part successively, our yields wdi be as 

iolkm: 
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From the brst 

extraction 

100=43%. 

„ second 

•1 

^Xri:iXio°= 24 % 
100 3+4 

„ third 

t* 

— X X 100= 14% 

100 3+4 

last 

*t 

— X— 7-Xioo« 8% 
100 3+4 


Solvent A 


11 % 


By doing four extractions instead of one with the same total 
volume of ether we have therefore diminished the lo^ from 25 per 

cent to II per cent, and in general 
the more numerous the extractions 
the more efficient the process, but 
the niunber is in practice restricted 
by considerations of time and 
wastage. 

4 and 5. Other Equilibria in Solu- 
tion . — Examples of the application 
of the distribution law to other 
equilibria in solution will be given 
in the next chapter. Meanwhile we 
may explain the principle on which 
the measurements are based. 

An equilibrium in solution 
X+Yv*Z cannot usually be in- 
vestigated by analysing the 
amormts of X, Y, and Z present 
together, because as soon as one or 
other is removed for analysis the 
equilibrium is disturbed and more of this substance is produced. If, 
howevw, we can discover a second solvent immiscible with the first 
in which only one of the reactants or products (say X) is soluble, 
we can investigate the problem with the help of the distribu- 
tion law. The distribution ratio of X between the two sol- 
vents must first be measured in experiments in which neither 
Y nor Z is present. The whole equilibrium is then investigated 

S -f determining the concentration of X in the solvent in which it 
one dissolve when in equilibrium with the 'solvent containing 
the reaction mixture. The concentration of X in the latter can 
tibien be found by dividfi^ (or multiplymg) by the distribution 
f#io, and if tilK concmtration of (Y -f Z) is Imown our information 
complete. When the solv^it A is added to the solvent B 
nth th« equilibrium already establi^ed m it, the equilibrium is 


X + 


Solvent B 


Fig. 63. Investigation of Chemi- 
cal Equilibrium by the Dis- 
tribution Method 
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disturbed, moves towards the left, owing to the removal of X. 
A new position of equilibrium is rapidly achieved, but of course the 
constant K is unaltered. 


SUGGESTED FOR FURTHER READING 

Findlay and Campbell: The Phase Rule and its Applications. 
rivett; The Phase Rule, 

Hildebrand: Solubility. 



CHAPTER VI 

HOMOGENEOUS EQUILIBRIUM 

Ionic equilibrium — Solubiliiy-product — Ionization of Water — Acids and 
bases — Heat of neutralization — Precipitation — Double salts— Complex 
salts — Methods of investigating complex ions: chemi<»l tests for con- 
stituents, abnormally high solubility, distribution, conductivity, transport 
numbers, freezing-point, colour, electrode potentials^ Hydrolysis — 
Indicators — ^Titration — ^Buf^er solutions — ^Mixed indicators — ^Measurement 
of hydrolysis: indicator method, conductivity method, dist^bution method, 
freezing-point method, catalytic method, electrode potential method — 
Homogeneous catalysis — Intermediate compound theory — Intensive drying 
— Negative catalysis — Promoter action. 

Ionic Eqnililiriiim* — Our discussion of chemical equilibrium has 
for the most part been confined to reactions between molecules, 
except in the case of the dilution law of Ostwald, which is generally 
applied to ions in low concentration in equilibrium with undis- 
sociated molecules. In this chapter we shall further jconsider the 
application of the law of mass-action to equilibrium between ions. 
Modem chemistry is so largely a chemistry of solutions — and 
aqueous solutions at that — ^that these applications have become 
of fundamental importance. 

As an example of what is meant by an ionic equilibrium, we 
may take the reaction between solutions of ferrous sulphate and 
silver nitrate. If these solutions are mixed and allowed to reach 
equilibrium at a definite temperature (several hours are required), 
the following action takes place: 

3FeS04+3AgN03^3Ag | +Fea{S04),-f-Fe(N03),. 

In the same way, if silver is shaken with ferric sulphate solutions, 
some of the silver dissolves and some of the ferric iron is reduced 
to the fOTous state. The equation that we have used to express 
the change fails because it implies that the sulphate and nitrate 
play some part in the reaction, whereas any other anions can be 
sntetituted for them, provided tlmt they do not introduce reactions 
of their own. The reaction is m fact between the iron and the 
silver. Such difficulties can be avoided by the use of ionic equations, 
wliich invariably introduce a simplification. The ionic equation 
£i derived from the older form simply by eliminating ions that 
decur on both sides. In this change, if we suppose all the salts to 
be fully ionized, we may write the equation: 

3F€ +3504^+3^^6 + 3 N(i/ 5 ce 3 Ag +2Fe +3S04*+Fc +3iNOj|^ 
I and this immediately reduces to: 

t$$ 
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an equation free from the defect that has been mentioned. It 
implies that the change consists in the transfer of an electron from 
a ferrous ion to a silver ion, which thereby becomes an atom of 
silver and is precipitated, while the ferrous ion becomes a ferric 


ion. The reaction is one that can easily be subjected to experiment. 

If the law of mass-action is obeyed, the expression ' ^ 

should be a constant (since the active mass of the precipitated 
silver is a constant), and the values of this expression are in fact 
approximately constant at high dilutions. Very few cases are 
known in which the law of mass-action is exactly obeyed, either 
by neutral molecules or by ions, and ions obey it on the v^ole 
with rather greater divergences than neutral molecules. Never- 


theless the law is sufficiently in accordance with experiment to be 
a useful quantitative guide in reasonably dilute solutions. 

Solability-PEOdact. — ^These ideas can be applied to ' insoluble ' 
or slightly soluble salts. The equation representing the precipita- 
tion of barium sulphate from mixed solutions of any sulphate and 
any barium salt is: 

Ba’*+S04''-^BaS04 1 . 


Since barium sulphate can be shown to have a slight solubility in 
water, the change is to some small extent reversible. If we apply 
the law of mass-action to the dissociation of the almost completely 
dissociated salt (and the very high dilution must be our justification) 

we get — where [BaS04] represents the minute 


concentration of undissociated barium sulphate in solution. Now 
in the presence of the solid, and at equilibrium, this must be a 
constant, whence [Ba"] [804^ must be a constant in solutions 


saturated with barium sulphate. This expression is called the 
soluHlity-product, and the solubility-product is approximatdy 
constant for a slightly soluble salt at a fixed temperature. Ionic 
concentrations are nearly always expressed in gram-formula- 
weights per litre, and the solubility expressed in the same way 
is equal to the square root of the solubifity-product, provided the 
salt includes only two ions per formula-weight. 

IxL order to give some idea of the degree of constancy which 
can be expect^ in the solubility-product we cannot do better 
than quote lie resxilts obtained by Nernst in X889, two years 
the enunciation of the ionic theory by Arrhekius. H the 
soluh^l^.product really is constant, the apparent solubility of 
soluble salt will be reduced by the addition to the 
solirtion of any salt with a common ion. It was widely known 
lhat was generally true, but Nernst decided to cany out a 
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quantitative test. He therefore determined the solubility of the 
slightly soluble salt silver acetate in strong solutions of silver 
nitrate and sodium acetate, and obtained the following results: 


[Ag-] 

[Acl 

[Ag*] [Ac'] 

0'o6o3 

0*0603 

0*0036 1 

0-1027 

0*0417 

0*0043 

0-1531 

0*0341 

0*0052 \ 

0-2495 

0*0195 

0*0049 \ 

0*0392 

0*1002 

0*0039 1 

0-0280 

0*1470 

0*0041 

0-0208 

0*2508 

0*0052 


More favourable results could be quoted from modem work, but 
those given are interesting because they were the first measurements 
of the kind. Notice that the biggest deviations from theory occur 
in solutions in which one of the ions is present in fairly high con- 
centration — M/4 — ^and this is generally true of solubility-product 
determinations. Since the c^culations are usually applied to 
salts much less soluble than silver acetate, agreement with theory 
is very often more satisfactory than in the measurements here 
quoted, and as we shall presently see, in the study of precipitations 
a variation of several hundred per cent in the solubility-product 
wiU frequently make no difference detectable by experiment. 

Two simple examples of these ideas may be given: 

1. Common salt may be precipitated from its concentrated 
solutions by passing hydrogen chloride into them. This is a 
well-known method of freeing it from bromides and iodides, but 
it must be pointed out that in addition to the solubility principle 
another effect is at work — ^the hydrogen chloride combines with 
the water and renders some of it incapable of acting as a solvent. 
That this ' dehydrating ' effect is very important is shown by the 
fact that cold concentrated sulphuric acid precipitates sodium 
chloride as readily as does hydrogen chloride. 

2. Sodium carbonate can be partially converted to caustic soda 
by prolonged boiling with lime. The reaction is: 

Ca(OH), I -f COgVCaCO, | -f 2OH', 


and at equilibrium the solution is saturated with both of the 
slightly soluble substances calcium hydroxide and calcium car< 
b<mate. Let [Ca"] [OH]*«siiL,, and [Ca”] [COj,T=iiL*, then 
fOHn^ K 

t The reaction will therefore proceed until this con- 

1>>U, J 

diti<m is fulfilled, and os the sohilnlity-product of calcium carbonate 
is much smaller thah that of calcium hydroxide, the tran^brmatioD 
can be carried out with some success. 
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The idea of the solubility-product can be applied to all solvents, 
but before considering in greater detail its applications to aqueous 
solutions we shall examine some of the peculiarities of water as a 
solvent, and particularly its ionization. 

Ionization ol Water. — That water is ionized follows from the fact 
that its electrical conductivity cannot be indefinitely reduced by 
the removal of impurities, but tends to a minimum value. That 
its ionization is extremely small follows from the very low value 
of this conductivity. The purest water ever produced was obtained 
in small yield by Kohlrausch and Heybweiller after nineteen 
distillations in a platinum apparatus. When transferred to a 
glass conductivity cell (which had been kept filled with conductivity- 
water for ten years to remove soluble impurities) it was found to 
have a specific conductivity of 0*043 reciprocal megohms at 18®. 
Assuming the dissociation to be +OH', and knowing 

the values of the mobilities of the hydrogen and hydroxyl ions as 
deduced from conductivity measurements, we obtain [H‘] = [OH'] 
— o*78x io~’. The law of mass-action can be applied to so minute 
a dissociation, and since the active mass of the undissociated water 
(owing to its enormous preponderance) is a constant, we may 
write [H‘] [OH*]=o-6ixio-i*. The value of [H‘] [OH‘] is called 
the ionic product of water and is usually denoted by K^. The best 
values of this constant, obtained by the methods which will be 
discussed in due course, are: 

®C. o 18 25 50 100 

XwXio^* 0*12? 0*59 1*04 5*50 51*3 

The Ionic Product of Water 

From these figures it appears that in pure water at 25® only one- 
ten-millionth of the molecules are at any moment dissociated; its 
low conductivity is therefore not surprising. The four principal 
methods of calculating the ionic product of water are as follows: 

(i) From the conductivity of pure water, as above. 

(ii) From the catalytic effect of hydrogen and hydroxyl ions (p, 212). 

(iii) From measurements of hydrolysis (p. 203), The degree of 
hydrolysis, as determined by experiment, is inserted in the 
equation (p. 204) connecting it with the ionic product of 
water and the dissociation-constant of the we^ acid or 
base, which must be measured in separate experiments. 
The only unknown in this equation is then the ionic product 
of water, which can therefore be calculated. 

(iv) From E.M.F. measurements with a hydrogen electrode in 
add and alkaline solutions (p. 258). 

These i^iethods all give concordant results. 
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Acidfl and Bases. — It is chiedy to the fact that they have an ion 
in common with water that acids and bases owe the peculiar pro- 
perties in aqueous solution which make it necessary to consider 
them as separate classes of substances. Adds are usually taken to be 
substances that in aqueous solution liberate hydrogen ions, bases 
substances that in aqueous solution liberate hyd qxyl ions. That 
acidic and basic properties are closely connected ^[th the presence 
of water has been shown by many ingenious Kperiments. A 
solution of dry hydrogen chloride in dry toluene fall not liberate 
carbon dioxide from marble, nor will it act on iron,y>ut as soon as 
a drop of water is added action begins. The preqse connection 
between acidity and the nature of the solvent is still obscure, and 
will be further discussed in the section on the electron theory of 
valency, but in the meantime, for want both of adequate theory 
and of experimental data upon which to base it, the discussion 
will be confined almost entirely to aqueous solutions, and we shall 
find no inconvenience in a definition of acidity in terms of water. 

The chemical properties of acids are readily represented by this 
method. The solution of, say, zinc proceeds as follows: 

Zn-4"2H ->Zn “f“H2 ^ ^ 

and of zinc oxide: 

ZnO'4"2H — ^Zn -f-HjOj 
while the action on zinc carbonate is: 

ZnC08-|-2H‘->Zn*’-f HjCOj. followed by HjCOg^COj+HgO. 

Physico-chemical conceptions of what compounds may properly 
be classed as adds or bases have been much extended during the 
past thirty years, mainly owing to the initiative of Lowry in 
England and BrOnsted in Denmark. The t3q)ical property of an 
acid A i$ taken to be represented by the forward direction of the 
equation 

A^A'-fH’, 

that is, an add is regarded as a proton donor, A base B acts typically 
as a proton acceptor, according to the forward direction of the 
equation 

B+H>BH\ 

If this latter change occurs in aqueous solution, the removal of 
hydrogen ion will, in obedience to the qjuation' 
[m[OH1=^ifw(seep.i9i), 

diuse the concentration of hydroxyl ion OH' to rise: that is, the 
liquid becomes alkaline. The functions of add and base are con- 
j^i^ted, for A' is a base, and BH" is an add. Chemical compounds 
hydroxyl ions, such as so^um or potassium hydroxide, are 
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strictly not bases, but ‘ basigens/ for they liberate the true base 
OH'. Further, many compounds and ions not hitherto regarded as 
bases must according to these views be included in the class, e.g. 
acetate ion. Ammonia is included not on the doubtful ground of 
the formation of ammonium hydroxide NH4OH, but b^ause of 
the reaction 

NHj+HVNH;. 

The class of acids niust also be widened to include, for example, 
ammonium ion NH4*. One advantage of this modem view is the 
great simplification possible in the explanation of salt hydrolysis 
(p. 204). We can say that sodium acetate yields an alkaline 
aqueous solution simply because it contains a base, acetate ion, 
and ammonium salts give acid solutions because they contain an 
acid, NH4*. In dealing with non-aqueous liquids the facts can only 
be reduced to order by adopting such a broadened outlook as has 
been outlined. It must not be forgotten that suitable substances 
exhibit typical acidic and basic behaviour in benzene solution, 
wherein there can be no free existence of either hydrogen or hydroxyl 
ions. However, the practical chemist will no doubt hesitate to 
abandon the traditional ideas, which, it must be admitted, serve 
reasonably well for aqueous solutions. The new views lead to 
alternative ways of applying the law of mass-action to weak bases, 
such as ammonia, in aqueous solution: from the equation 


nh^+hvnh; 

we derive the relation 

[NHJ [H*]" • ' 


but in aqueous solutions we must alwa}^ have 
hence we find 


m;] [OH1 

[NHJ 




[H-] [OH']*/?,: 


Heat Neotnliaation. — The neutralization of a strong add by 

a strong base is simply: 

The same cannot be said of the neutralization of a weak add by 
a weak base. The action of, say. acetic acid on anunoma must 
be written: 

CH,.C 00 H+NH,-»CH,.CCX)'+NH 4 *, 
and we are really concaned with two successive changes, CH,COOH 
and NHg+H*-»-NH4'. If these ctmsideratioas 
ate omect. the heat liberated when one gram-mdecule of a stitu^ 
acid nentrahaes one gtam-mdecule of a stroqg baM dtould be a 
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constant, since in every case the action is the same, whereas the 
heat of neutralization of weak acids or bases will include the heat 
change on dissociation and will therefore be variable. This has 
been experimentally verified, and the very close agreement between 
theory and experiment is strong evidence in fayour of the dis- 
sociation theory. 


Strong 



Weak 

\ 


Acid 

Base 

Calories 

Acid 

BhfSe 

Calories 

HCl 

KOH 

13.750 

CHj.COOH 

NaOH 

13.230 

HCl 

NaOH 

13.740 

CHCl,.COOH. 

NaOH 

14,830 

HNO, 

KOH 

13.770 

H.PO, 

NaOH 

14,830 

HNO, 

NaOH 

13.685 

HF 

NaOH 

16,270 



Heats of 

Neutralization 




For approximate calculations it is convenient to make ifw equal 
to I X 10-^^ at 25®. The ionic product of water is a constant, hence 
the value of the hydroxyl ion concentration is in acid solutions 
depressed below the small value of I0“’ which it has irj pure water, 
and the same applies to the hydrogen ion concentration of alkaline 
solutions. Since it may be assumed that strong acids and bases 
are completely dissociated in dilute aqueous solution, the calcula- 
tion is an easy one. Thus a M/ioo solution of hydrochloric acid 
has at 25® a hydrogen ion concentration of 10*“* and a hydroxyl 
ion concentration of io~^*, w-hile a M/iooo solution of caustic soda 
has a hydrogen ion concentration of lo*”^^ and a hydroxyl ion 
concentration of I0“®. The hydrogen ion concentration occurs so 
frequently in calculations that a special s5anbol has been invented 
to represent it— — equal to the log^^ of the true concentration 
with the minus sign omitted. Thus 4*5 indicates a hydrogen 
ion concentration of I0“^*®, and so on. 

As an exercise we may calculate the pu value of a M/ioo solution 
of acetic acid. The dissociation-constant of this acid is 1*85 x iO““®, 

or ==^*85 X 10"“^ Since the hydrogen and acetate 

I^LJnLg* V/V/ vlxi J 

ions have both b^n derived frora-the aoid, [H']=[CH,.COO'], and 
since the degree of dissociation is obviously extremely small, we 

may without sensible error write (CH,.COOH]=j^=io-*, Hence 

pI’]*=i'85Xio-'' or [H*] =4*3X10-^, or =io->’*, or, otherwise 
expressed, ^h= 3 ’ 4 - The solution has about the same hydrogen 
concentration as a Mfsi^oo solution of hydrochloric acid 
ftedsitetioo. — ^We are now in a position to study precipitation 
from a quantitative point of view, and may b^iu with hydrogen 
account of its wide use in the laboratory, particularly 
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in anal3rsis. Hydrogen sulphide is a weak dibasic acid which 
dissociates in two steps, the constants at 25® being approximately: 


[H-] [HS-] 
[H,S] 


=10-’ 


and 


[HS'] 


As we shall not consider any complications which may arise from 
the presence of the HS^ ion, it may be eliminated at once by multi- 
plying the equations together, obtaining the equation: 



Hydrogen sulphide is therefore a very weak acid, and the con- 
centration of the ions is negligible in comparison with that of the 
undissociated molecules. In an aqueous solution saturated at 25® 
and at atmospheric pressure, [HgS] is about o*i, so that under 
these conditions [H’P [S'']=io“2® This equation controls the 
precipitation of metallic sulphides from aqueous solutions. Ob- 
viously the greater the hydrogen ion concentration {i.e. the acidity) 
the lower the sulphide ion concentration. High sulphide ion 
concentrations are only reached in alkaline solutions; this is because 
soluble metallic sulphides are largely dissociated, while hydrogen 
sulphide is not. Reaction with the water of the solution com- 
plicates the simple calculation, but it is possible to deduce the 
following values for the sulphide ion concentration of the solutions 
used in qualitative analysis: 


M/io(NH4)2S 2XI0~« 

Water, saturated at atmospheric pressure with H2S . 10-^^ 

M/5 HCl io-« 


As is well known, the salts of Cu, Cd, Ag, Pb, Hg, Bi, As, Sb, and 
Sn are precipitated from acid solutions by hydrogen sulphide, 
whereas the salts of other common metals are not. Taking M/io 
as an average value of the concentration of the cation, supposed 
bivalent, we know that the solubility-product o*i [S^ will just be 
reached when precipitation takes place. If, as above, the value 
of [S^ in the^cid solution is 10*"**, those metals will be precipitated 
in acid solution whose sulphides have a solubility-product less 
than io~*®. This is true of most of the metals mentioned: thus 
the solubility-^products of copper, mercuric, and silver sulphides are: 

tCu-] [S-l«=io-« [Hg"] [S^=io“«* [Ag*]8 [S1«io~w 

Other metals (e.g. zinc) can be precipitated as sulphides frmn 
alkaline but not from acid solutions, and their solubifity-products 
ji^e between 2 X lO’^® and io“"*** Some metals lie near the border^ 
line and may be placed in the wrong class if the acid ooncentimtioii 
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is not carefully adjusted. Solutions of cadmium salts in strong 
hydrochloric acid are not precipitated by hydrogen sulphide, 
whereas zinc salts may come down if the acid concentration is not 
high enough; this is because the solubility-product of cadmium 
sulphide is only a little less than io~** and that of zinc sulphide 
only a little more. Such a reduction in the hydroien ion concen- 
tration may arise unexpectedly if the anion of a weak acid is 
present in the solution, because this anion abs^bs the added 
Ixydrogen ions, which are then not available to repress the ionization 
of the hydrogen sulphide. When, for example, dilute hydrochloric 
acid is added to a solution of zinc acetate the hyorogen ions of 
the acid form the very slightly dissociated substan^ acetic acid 
with the acetate ions, leaving the hydrogen ion concentration of 
the solution not much affected, and if the hydrochloric acid is not 
added in sufficient quantity to overcome this effect, zinc sulphide 
will be precipitated from the solution by hydrogen sulphide. 

Similar considerations apply to precipitations with ammonia. 
We have seen that the equilibrium equation may be written 

— — ^ ssiK, where [NHJ represents the concentration of the 


total ammonia dissolved in the solution. The value of the constant 
is about 1*8 X10^, so tha t in a M/2 solution of ammonia [NH4’] 
==[ 0 H']=! VO’S X X io*^=3 X I0“*. From this we can see which 
metallic hydroxides will be precipitated by such a solution. Take 
magnesium as an example. In a M/5 solution of magnesium chloride 
[Mg**] is about 0*2, so that, if the solution is at the same time M/2 
in anoimonia, [Mg'] [OH']*=o*2X(3Xio~*)*=i*8xio**. This is 
greatly in excess of the solubility-pr^uct of magnesium hydroxide 
(1*5X10“^^), which will therefore be precipitated. The precipita- 
tion, however, as is well known in qualitative analysis, can be 
prevented by the addition of a sufficient excess of ammonium 
chloride. The effect of this substance is to drive back the reaction 
NH3+H>^NH4’ to the left by providing an excess of ammonium 
ions. Suppose the solution is 2M in ammonium chloride. Then 
[NHJ as before is ^0*5, and consequently [0H']5= 


X io-«. Then [Mg '] [OH']*«o*2 x (4 5 x io“*)* 
2 


a»0’4Xl0"“. This is below the solubility-product ol magnesium 
hythfoxide, which should therefore not be preci]^tated. The older 
y that the predpitatiiini of magnesium hydroxide is prevented 
[ the additicm of ammooiam chloride on a(xount of the fmination 
stdt^.fhoQg^ t^tnonstxably inconect, is still found in some 
sdcs on analysis. 

sMsqpitatkHis with carbon dimdde can be boated in the same 
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way. Tbm caldrnn carbonate cannot be precipitated by carbon 
dioxide from calcium chloride solutions because the concentration 
of carbonate ions from the reaction C0,+Hi0^HtC0t^2H'+C0/ 
is never sufficiently great for the solubility-product [Ca"] [CO,*] 
to be exceeded. But it can be precipitated from solutions of 
calcium hydroxide (‘ lime-water ') because the hydroxyl ions 
combine with the hydrogen ions provided by the carbonic add 
and cause it to dissociate further, thus producing carbonate ions 
in suffident concentration for predpitation to take place. 

Double Salts. — ^The nature of the ions that a sdt will furnish 
in solution is not always obvious from inspection of the formula, 
and must be dedded by experiments on the solution. Salts 
containing more than one possible anion or cation can be divided 
into two classes: the so-called double salts and complex salts. The 
former give in solution the reactions of aU the ions of their con- 
stituent salts, the latter may not. 

As an example of a double salt we may give the well-known 
compound ferrous ammonium sulphate, (NH4)jS04.FeS04.6H,0, 
which can be predpitated from suitably concentrated solutions of 
ferrous sulphate and ammonium sulphate. In solution it gives 
the reactions for the following ions: NH4’, Fe", and SO4', and its 
solutions cannot be distingui^ed from solutions of its constituents 
mixed in equimolecular proportions. The formation of double 
salts probably depends on space relations in the crystal: if tiie 
ions ht easily into the lattice together, a double salt may be pro- 
duced. Such substances must, however, be distinguished from 
solid solutions or mixed crystals in which the points of the lattice 
are indifferently occupied by one ion or the other. Double salts 
are true compounds and the arrangement of the ions within the 
lattice is identical in all parts of the crystal, while the criterion 
of invariable composition is always observed. 

Oonqdn 8alts.---Complex salts do not give all the ions of their 
constituents in solution. If silver cyanide is dissolved in a solution 
of potassium cyanide, no precipitate of silver chloride can be 
obtained on the addition of a soluble chloride. The potassium 
imis are still present, but the silver ions are no longer in evidence, 
though means are ^own of demonstrating their presence in minute 
concentraticm. The vast majority of them have been absorbed 
to form aigentocyaniite ions in accordance with the equation 
Ag‘-f Other weU-known examples of comidex ions 

are ^fonocyanide Fe(CN)4"" and the ferric3ranide Fe(CN)4"', pro- 
duced^thetmionofsbt cyanide ions(CN')withaferrousmrferric]on. 

icms ate of very great importance in solution chemistiy, and 
we sn^ therefore give a general account of their pecnhasities. 

InwttipaiDg Oom^ex Ions.— There is no sharp 
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distinction between complex ions like ammonium or ferrocyanide 
— ^which are so stable that it is difficult to demonstrate the presence 
of their constituents in their solutions — ^and such complexes as 
hydrated ions (e.g. Co.bH^O**), which decompose comparatively 
easily. Generally speaking, complex ions of all classes are quite 
as stable in the solid state as in solution, and in jthe crystal they 
can often be detected by the ordinary methods on X-ray analysis. 
We shall now describe the principal methods of detecting complex 
ions in solution and of estimating their concentraticm. 

I. Chemical Tests for Constituents , — When ammonia is added to 
a solution of silver nitrate, the precipitate of silver Oxide dissolves 
in excess of ammonia, and if enough ammonia is 'present, con- 
siderable quantities of potassium chloride can be added without 
producing a precipitate of silver chloride. By making the experi- 
ment quantitative and carrying it out under various conditions of 
concentration it can be shown that the complex has been formed 
by the union of one silver ion with two molecules of ammonia: 
Ag’-f aNHj^Ag.aNH,", and that the equilibrium equation is 

=7 X 2Lt 25®. The equilibrium lies so far to the 

[Ag.2NH3 J 

right that in dilute chloride solutions the solubility-product of 
silver chloride is not exceeded, as can easily be seen by calculation 
([Ag’] [Cr]=2 X 10“^®). But silver bromide is so much less soluble 
than silver chloride that a far smaller concentration of potassium 
bromide will produce a precipitate, while silver iodide, the least 
soluble of the three, is precipitated in very low iodide concentra- 
tions. This method can be used to separate silver chloride from 
rilver iodide. The usual explanation is that * silver chloride is 
more soluble in ammonia than silver iodide,' but this is not a 
satisfactory way of stating the facts. 

Both the silver ion and the ammonia molecules have had their 
properties entirely changed by combination. The compound 
AgC1.2NH3 is well known in the solid state, and is soluble in water, 
while its aqueous solution has strong basic properties, contrasting 
with the oidy weakly basic propiiiies of ammonia. 

Both cyanide ions and ammonia molecules form stable complex 
ions with many of the metals. This property will be explained in 
Chapter XI. Among the best-known cyanide complexes are those 
with Ctt, Ag, Au, Zn, Cd, Hg, Fe, Co, Ni, while the metals fornimg 
ammoma complexes include Cu, Ag, Zn, Cd, Ni. The comporition 
aod stability of these ions are very various. The relative stability of 
iphe copper aild cadmium cyanide complexes is beautifully demon- 
^rat €4 in the anaiyticdl process for their separation. When the 
copp^ and cadmium soluticms have been treated with 
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potassium cyanide nearly aH the copper is present in the cuprous 
condition as the very stable ion Cu{CN)3'', while some of the cad- 
mium is present as Cd(CN)4''. That the cupric ions have disappeared 
is evident from the colourless solution. If now ammonium sulphide 
is added to the mixture, a precipitate consisting entirely of the 
bright yellow cadmium sulphide is obtained. In spite of its very 
low solubility, copper sulphide cannot be precipitated from the 
cyanide solutions because they contain practically no copper ions, 
whereas the cadmium complex is less stable. 

Fehling's solution, so well known in organic chemistry, is a 
mixture of copper sulphate, sodium potassium tartrate, and excess 
of caustic soda. Since the solution is perfectly stable, containing 
a large excess of hydroxyl ions but giving no precipitate of cupric 
hydroxide, it must contain the copper in a complex ion. The 
formula of the latter is Cu(C4H40e) and its colour dark blue. Copper 
sulphide can be precipitated from it with ammonium sulphide. 

2. Abnormally High Solubility . — When substances insoluble in 
water show considerable solubility in a solution with which they 
are not known to undergo a chemical reaction, the formation of 
complexes may be inferred. We have already discussed the 
solubility of silver chloride in ammonia; similarly all silver salts 
will dissolve in cyanide solutions, the complexes Ag(CN)|' and 
Ag(CN)3^ being, with the ferro- and ferricyanides, among the most 
stable cyanide complexes known. Even the highly insoluble silver 
sulphide ([Ag’]* [5^=10“®®) will dissolve in concentrated cyanide 
solutions, and for this reason potassium cyanide is sometimes 
found as an ingredient in plate-powders, though its use for this 
purpose is exceedingly dangerous. 

Mercuric oxide, though very insoluble in water, dissolves slightly 
in bromide solutions and readily in iodide solutions. Measurements 
of the solubility show that the action is HgO | +4r-t-H20^Hgl4'' 


+2OH' and that the equilibrium expression 


[Hgi,-] [oar 
[I']* 


is 


fairly constant in dilute solutions. (Since two hydro^l ions are 
produced for..every molecule of mercuric oxide that dis^ves, the 
proc^ is sometimes used in preparing solutions of standard 
alkalinity; a weighed quantity of the oxide is dissolved in excess 
of potassium iodide solution and the solution used for the stan- 
<^raization of adds.) For the same reason, when exc^ of pdas- 
slum iodide is added to the solution of a mercuric salt, the scarlet 
predpitate of mercuric iodide that is at first produced readily 
dissolves in excds to give a colourless solution: 


a) Hg '-l-ar-^-Hgl, I (ii) Hgl, | 

scoria scoria ccio0iess 
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Similar considerations apply to the solubility of cupric hydroxide 
in excess of ammonia to form the distinctive deep blue colour of 

the copper -ammonia ion (or 
ions). Quantitative investiga- 
tion of &e system is difficult 
because some of the cupric 
hydroxide is in colloidal solu- 
tion. In the pmsence of excess 
of ammonia the ion is chiefly 
CU.4NH3*’ (cf. pi 201). 

Iodine, thoum only very 
slightly soluble 'in water, is 
much more soluble in hydro- 
chloric acid. The diagram 
(Fig. 64) shows that the relation 
between iodine solubility and 
acid concentration is a linear 
one. The point A represents the 
solubility in pure water. Distri- 
bution measurenients similar 
to those described in the next 

TT [cn [ij . 

Hence is constant, 



Fig. 64. SoLUBiuTY of Iodins in 
Hydrochloric Acid 


section show that the complex is ClI/ 

and if we assume that the 
increased solubility is entirely due 
to the formation of this complex 
ion the linear solubility relation 
follows at once, since [CII2'] is 
negligible compared with [Cr]. 

3. Di^ibutton Method , — ^This 
is one of the oldest and most 
successful methods of investi- 
gating Complexes, and has been 
used since the nineties to examine 
the mmplexes formed between 
iodine and halide ions. The*" 
stability of these complexes 
mcreasas in the order chloride. 



:G. 65. DlStRIBUTION OF lODlNE 
BBTWBBN BBNZBNB AND AQtmoUS 

Potassium Iodidb 


til^ty of iodine in solutions of 
potassium iodide is put to 
ccmstant use in the laboratory. 

ft these solutions are shaken up with a solvent suc^ as benzene or 
carbcm tetracUoride, immiscible with water, some of the iodine is 
/txhacUdin)mtheaqueouslayer,butnoneoftheio^ Iodine 
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is known to exist exclusively as diatomic molecules in both wato: 
and benzene, and consequently has a nearly constant distribution 
ratio between the^ solvents in the absence of complex-forming 
subst^ces. By dividing the concentration in the benzene layer 
by this ratio it is therefore possible to calculate the concentration 
of iodine as I^ in the potassium iodide solution, and if the total 
concentration as Ig and I3' is known, the concentrations can be 


inserted in the equation 


[ij] [r] 
[isT 


=constant. This test is found to 


give satisfactory results, whereas alternative proposals, such as 
I3+2IW or 2l,+r^l^\ 


give imfavourable ones. It is perhaps necessary to make it clear 
that the direct chemical method 
of investigating the equilibrium 
is bound to fail, since on analysis 
with thiosulphate, for example, 
the tri-iodide ion pro^essively 
decomposes as the iodine is 
removed. 

Similar methods have been 
used in examining by distribu- 
tion experiments with chloro- 
form the copper-ammonia 
complex ion m the presence of 
excess of ammonia. The 
diagram (Fig. 66) makes the 
method dear. 

4. ConducHvity Method , — ^The 
changes in the electrical con- 
ductivity of solutions that complex formation brings about sometimes 
provide useful evidence, llius the addition of stannic chloride to 
hyckochloric acid reduces the conductivity considerably, a fact 
which points to the formation of achloro-stannate (p. 605) or some 
other complex: SnCl^-faCr^SnCl*'. The decrease in conductivity 
may be ts^en to indicate a decrease in the number of ions in the 
solution. Conductivity found its chief application in this field when 
Weiner used it to elucidate the structures of the complex salts of 
cobalt, platinum, and other metals. These substances are more 
complicated than any we have hitherto considered and will receive 
fuller treatment later on when their structure is discussed (Chapter 
Meanwhile we may briefly examine the series of sul^ances, 
^ containing bivalent platinum, whose formulae may be writtent 
( 1 ) (a) Pt.3NH,.q,; ( 3 ) Pt2NH,.a,; (4) K.?t.Na^C|,j 


Water La yer 

Cu '+ 4NH, ^Cu.4NH,*' 


NHj 

Chloroform Layer 

Fig. 66. Distribution of Ammonia 
BETWEEN Chloroform and a 
Copper Sulphate Solution 
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(5) K2PtCl4. In the diagram (Fig. 67) their molecular conductivities 
at equal dilution are arranged in order. Since No. (3) does not 
conduct at all, it does not furnish any ions in solution, and the order 
of the conductivities of the remainder leads one to suppose that 
Nos. (2) and (4) have two ions each and Nos. (i) and (5) three each. 
The formulae are therefore tentatively written: (i) [Pt.4NH8]++2Cl“; 
2 ) [Pt.3NH3.Cl]+Cl-; (3) Pt.2NH3.Cl3; (4) k+[Pt.NH3.Cl3]-; 

'5) 2K+[PtCl4] — , At this point we notice (a) that the charges are 

correct, each platinum ion (-ous) 
contributing, two\ positives, each 
chlorine ion one negative, and the 
ammonia molecules nothing; (i>) 
that this arrangement gives four 
ammonia molecules or chlorine 
atoms to every platinum atom. 
This regularity suggests that we 
are on the right track, and our 
Fig. 67. Conductivity of views can be confirmed by chemical 
Complex Salts tests for the ions lalleged to be 

present. Thus Nos. (i) and (2) are 
the only salts that give a precipitate of silver chloride with silver 
nitrate, and in (i) the whole of the chlorine in the compound can 
be thus precipitated, in (2), however, only half of it. 

5. Transport Numbers. — ^Abnormal transport numbers generally 
indicate complex formation, and unusually wide variations with 
dilution are specially significant. Hittorf passed an electric 
current through a strong solution of cadmium iodide and then 
measured the concentrations of cadmium and iodide near the 




electrodes. He found that electrolysis made little difference to 
the concentration of cadmium round the cathode, whereas a large 
increase might be expected, since when the current is passing all 
positive ions move in this direction. On the other hand, the iodide 
concentration round the cathode had suffered a quite abnormal 
decrease. At high concentrations the Hittorf transport number 
of the cadmium was in fact negative, the iodine transport number 
greater than one. The explanation of these anomalous results is 
as follows. Concentrated cadmium iodide solutions form ions 


Cdl/ which travel to the anode, each double charge being associated 
with four iodine atoms instead of the normal two, whereas for each 
^dmium atom carried in this way to the anode, a normal cadmium 
ion Cd’* travels to the cathode. Since these complexes tend to 
wealc up with increasiiig dilution, the transport numbers also 
Hmroach xmimality in iMlute solutions. This type of auto-complex 
Ipriiiat^n is also shown lay the halides of the related elements zinc 
IKc! mercury. Increase in concentration always increases the 


HOMOGENEOUS EQUILIBRIUM 303 

proportion of complex ions in a solution containing auto*complexes, 
since auto-complex formation reduces the total number of ions, e.g. : 

Cd^'+4V^Cdl/. 

6 . Freezing-point Method, — ^When iodine is added to excess of 
an aqueous solution of hydrogen iodide the freezing-point of the 
acid solution remains unchang^. Since the freezing-point lowering 
is a measure of the number of particles per ex. of solution, it follows 
that the addition of the iodine has left this number unchanged. 
The observation is in conformity with the changes Ij-f I'^Ij' or 

but uot with the changes Ia+2r^V or I,+3l'^V". 
Other methods have shown that the first suggestion is the correct one. 

7. Colour of the Solutions, — Many complex ions are strongly 
coloured. Such are the blue copper-ammonia and nickel-ammonia 
ions, and the innumerable complex ions containing cobalt. On 
the other hand the cuprocyanides are distinguished from cupric 
salts by their lack of colour. By spectroscopic determinations of the 
depth of colour it is possible to make estimates of the concentra- 
tion of the complex present. An interesting example is afforded 
by the red and blue solutions of cobalt chloride. If the ordinary 
red solution of this salt is evaporated it gradually becomes blue 
as the concentration increases, and in recent years it has been 
suggested that the blue ions are C0.4H2O** and the red ones 
C0.6H2O”, But the question is complicated by the presence of 
CoCl4* and possibly other ions, and has not yet been definitely 
settled. It is also possible to measure absorption in the ultra- 
violet part of the spectrum, to which water is nearly transparent, 
and work of this kind has confirmed the existence of the tri-iodide ion. 

8. Electrode Potential Method, — discussion of this method 
must be deferred to Chapter VIII (p. 261). 

Hydrolysis. — ^Having ^ scussed reactions that may occur between 
solute ions we must consider the actions that may take place between 
solute ions and the ions of the water itself. This restriction of 
the discussion to water is unfortunately made necessary by our 
comparative ignorance of other solvents, but a short account of 
reactions in liquid ammonia will be found in the section dealing 
with that solvent (p. 393), 

(xrtain types of reaction between water and substances dissolved 
p it are denoted by the general name of hydrolysis* As its form 
implies the term hydrolysis should be restricted to those reactions 
in which th^ is a separation of the hydrolysed substance into at 
least two parts: equation (a) represents the hydrolysis of chlorine, 
and equation (6) its kydralion. 

CI2+ Hfi^HClO+B +CV {a) 

Cli+SHfi^ClrSRfi ( 6 ). 
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Hydrolysis of salts can take place only when one of the ions of the 
solute IS the anion of a weak add or the cation of a weak base. 
Since a weak acid or a weak is a substance whose molecules 
are oxxly slightly dissociated in water, these ions will have the power 
of drawing hydrogen or hydroxyl ions respectively from the water 
to form the corresponding undissodated molecules. An excess of 
hydroxyl or hydrogen ions is thus left in the solution, which there- 
fore becomes alkaline or acidic, and this is the essential feature of 
salt hydrolysis. Solutions of salts of strong acids\and weak base.s 
are addic, solutions of salts of weak acids and ^rong bases are 
alkaline. Solutions of salts of weak acids and weak bases may be 
dther alkaline or acidic, according to which is weaker, or may be 
nearly neutral (e.g. ammonium acetate). 

First consider a salt BA, where HA is a weak acid but BOH a 
strong base. Then the action B*-f OH'~>BOH does not take place 
to any perceptible extent, whereas the action H‘+A'->HA takes 

place to an extent governed by the equation where 

Ka is the dissociation-constant of the acid. Let the 'dilution of the 
salt be V (that is, let one gram-molecule of BA be dissolved in 
V litres of water), and let a fraction x of the A! ions be combined 
with hydrogen ions from the water to form undissociated HA. 

j ^ ^ 

Then [A']=-|^ and [HA]=^. Now the concentration of hydro- 
gen and hydroxyl ions originally present in the water is negligible 
in comparison with the concentration of the ions of the added 
salt, but for every hydrogen ion provided by the water to combine 
with an k* ion, a free hydroxyl ion must be left in solution. There- 


fore [OH'] = [HA] = y . Remembering that in all aqueous solutions 

[HT fOH']~ifwi we have that fraction x is 

called the degree of hydrolysis, and when it is small (as it often is) 

we may write as an approximation or x=\/ This 

V Kk Aa 

mak^ [H ] equal to VKa-^wTF. By Similar r^oning the degree of 
hydrolysis (whm smaU) of the salt of a strong acid and weak base 

(di^sociatio Ka) can be shown to be and the 

V 




i<Hi 'coDcentratioo is then 
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Tbese equations: 

and [H-]=y 

can be used only for dilute solutions and low degrees of hydrol3rsis, 
but are of great practic^ importance. The student should note (i) 
that the degree of hydrolysis and the hydrogen ion concentration 
are both independent of the nature of the strong constituent; 
(2) that the dilution appears as a square root, so that the hydrogen 
ion concentration varies comparatively slowly with changes in 
concentration. As an illustration we may calculate the degree 
of hydrolysis and hydrogen ion concentration of solutions of sodium 
acetate at 25® and various dilutions. 

The dissociation-constant Ra of acetic add at this temperature 
is i*8xio~® and Kvf=ixxo~^*. In M/io solution, therefore, 

/lOXIO"^* . 

*=V ^.gxio-8 =7x10-*, or 0-007 per cent, 

while [H‘] X io-®x 10-^® X 10= 1-3 X lo-*. 

Similar calculations at other dilutions give the following results; 

V 10 100 1,000 10,000 

X (per cent) 0-007 0-02 0-07 0-2 

[H*] I-3XIO-* 4-2XIO-* 1-3x10-* 4-2X10-* 

These figures show how small is the hydrolysis of such a salt, even 
at high dilution. Nevertheless the alkalinity of sodium acetate 
solutions can easily be detected by indicators, whose behaviour 
in solutions of varying hydrogen ion concentration must now be 
considered. 

hidioatol!l. — ^Hydrogen ion indicators are substances whose colour 
changes rapi<Uy with change of hydrogen ion concentration of the 
solution in wliich they are dissolved. It was early recognized that 
this change of colour was due to a change of ionization, and it is 
indeed found -that all indicators of this class are either weak acids tn* 
weak bases. We may suppose that the colour of the ions diiSns 
from the colour of the undissociated molecule: the more modem 
idea is that the molecule exists in two tautomeric forms, we <4 
which is fully dissociated while the other is incapable of dissociatiw, 
the undimociated fcmn and the ions having diffment coloius. 

Form A V® Form B Ions 

incape^ o! fuity cohured di^srpn^ 

disiawiation dissociated from 4, 
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Without discussing this suggestion we shall represent the ionization 
of an acid indicator in the simplest possible way: 

HIn^H‘+In', 


supposing HIn, in whatever form it may exist, ^o be differently 
coloured from In'. The hydrogen ion is, of con , colourless. 

Let Ki be the dissociation-constant of the indiicator, which is 

a weak acid. Then ^ ^proximation it 

is reasonable to suppose that the indicator will apbear to change 
most strikingly in colour when the differently colored forms HIn 
and In' are present in equal concentration. At this point [In'] = [HIn] 
or [H*] = Kj. This relation is of fundamental importance in 
the study of indicators. It tells us that an indicator will change 
colour when the hydrogen ion concentration of the solution is 
approximately equal to its own dissociation-constant. The magni- 
tude of the dissociation-constant is therefore the most important 
property of the indicator. A few values for common indicators are 
given in the table: i 


Indicator 

Dissociation-Constant 

Methyl orange 

4X10"* 

Methyl red 

10“-* 

Bromthymbl blue 

10-’ 

Phenolphthalein 

io“» 

Thymolphthalein 



Tiiiation.— When a titration is to be carried out an indicator 
is required which will change colour when equivalent quantities 
of add and base have been mixed. If both acid and base are 
strong the resulting salt solution will be exactly neutral, that is 
to say, its hydrogen ion and hydroxyl ion concentrations will 
both be equal to But if either acid or base be weak the result- 

ing salt wfll be hydrolysed in sdution, and even though the degree 
of hydrolyds may be small, yet the hydrogen ion concentration may 
diffet considerably from io~’; see for example the table showing 
the hydrogen ion concentrations of sodium acetate solutions. 
Consequently hromthymol blue must be used only for strong acids 
and bases; for other titrations the hydrogen ion concentration of 
the salt solution at the equivalence point must be calculated and 
an indkatm* selected with a dissociation-constant approximately 
equal to this value. An example will make this clear. When 
jaqual volumes of M/5 acetic add and sodium hydroxide have been 
mixed, the resulting solution is M/io in sodium acetate. We have 
already (p. 205) calculated the hvdrogen ion concentration of this 
aolstion to be 1*3 x lo-*: jAenolphthalein changes colour very near 
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this concentration and this is the indicator that must be used. The 
hydn^en ion concentration is so slightly affected by the dilation of 
the sodium acetate that we shall alwa3rs be correct in selecting this 
indicator for the titration of sodium hydroxide (or any other strong 



HCl and NHs CH^^OIWNH, 


Fig. 68. Titration Curves 

b^) with acetic add (and most other weak adds|, but at very great 
dilutions the determination of the exact end-point will be dimcult 
whatever uuMcator is used. 

change that take place in the hydrogen ion amcentration 
of a seltitioii i^ar the end-point of a titration can be brought out 
veiy dearly by a graphical method (Fig. 68). In any titration it 
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is essentia] that the hydrogen ion concentration sboald at the end- 
point change very rapidly as the acid is added. If a aaall addition 
of add does not bring about a considerable change in the hydrogen 
ion concentration, the indicator wiU alter in colour gradually instead 
of showing a sharp change on the addition of a Mgle drop. The 
diagrams show the changes that take place in the hydrogen ion 
concentration near the equivalence point (2 per cmt on either side) 
when various M/io adds are added to 25 c.c. of vaiious M/io bases. 
A sharp change in the colour of the indicator takes place only on the 
flat parts of the curve. From these examples th^ following rules 
for titration can be drawn: 

|i) Strong acids and strotg bases: any indicator from io“* to I0“‘. 

(ii) Strong adds and weak bases: methyl red or methyl orange. 

(iii) Weak acids and strong bases: phenolphthalein or (for very 
weak acids) th3miolphthalein. 

(iv) Weak adds and weak bases: this titration cannot be success- 
fully carried out with any indicator. 

Buffer Solutimis. — If to the solution of a hydroly^ salt one of 
the products of hydrolysis is added (e.g. acetic acid to sodium 
acetate), the hydrol}^ is repressed in accordance with the law of 
mass-action. Such mixed solutions have the useful property of 
showing very slight changes in hydrogen ion concentration on 
dilution or on the addition of smaU quantities of strong acids or 
bases. For this reason th^ are termra ‘ buffer solutions,’ and are 
used when it is desired to keep the hydrogen ion concentration at 
a fixed value. They are much more suitable for this purpose than 
very dilute solutions of strong adds or bases, which are sensitive to 
the smallest traces of impurity derived from dust or the vessel in 
which they are contained. The mode of action of such a buffer 
solution as a mixture of sodium acetate and acetic add is not 
difficult to understand. If a little of a strong add like hydrochloric 
add is added to it, the hjrdrogen ions of the added add are absorbed 
by the acetate ions to produce more acetic add, and the dissociation 
01 this substance is so slight that a small increase in its concentra- 
tion has no great effect on theliydrc^en ion concentration of the 
solution. If, on the other hand, caustic soda is added, the hydroxyl 
ums react with hydrogen ions from the acetic add, leaving an 
increased concentration of acetate ions in solution. The weak 
adds fdndpally used in the preparation of buffer solutions are 
dtik^ boric, acetic, and phosfhtmc. 

A set of sudh solu^ias can be made np with standard hydrogen 
inn cmicentratkms (e.g. lo-^ zo**, 10-*, etc.), and if a small quantity 

the same indkator is added to each, the range of the colour 
ddage can be effectively denH8BStrate4 
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jMxed LMsatoa, — In recent years mncb progress has been made 
in the preparation of mixed indicators, wbidi siow a series of 
colour changes over a large range of hydrogen ion concentration, 
or alternatively show a sharper change at a given hydrogen ion 
concentration than a single substance can do. Thus Smith re- 
conunends a mixture of methyl orange, methyl red, bromo-thymol 
blue, and phenolphthalein, which has the following colours: 

B- 3 4 5 6 7 8 9 10 11 

Colour Red Red- Orange Yellow Yellowish- Greenish- Blue Violet Reddish 
orange green blue violet 

Such mixtures are much used in applied chemistry for the rapid de- 
termination of hydrogen ion concentrations. A mixture of methyl 
orange with a blue dye unaffected by changes of pn ('screened' 
methyl orange) has colour changes more obvious than those of the 
plain indicator. 

Measurement of Hydrolysis. — ^The degree of hydrolysis of a 
solution, like any other form of chemical equilibrium, cannot be 
directly measured by chemical analysis, since removal of any 
one of the reactants or products disturbs the equilibrium. From 
what has already been said it will readily be understood that the 
measurement of hydrolysis really amounts to the measurement 
of hydrogen ion concentration; for the degree of hydrolysis x, the 
dilution V of the salt, and the hydrogen ion concentration are 

connected by the simple relation x=[H *]7 or 

according to whether the hydrolysed solution is acid or 
alkaline. Some account may now be given of the methods 
employed. 

1. The Indicator Method, — ^The hydrogen ion concentration of 
the solution is estimated by observing the tint which a suitable 
indicator takes up when dissolved in it, or a buffer solution is 
prepared in which the indicator has the same tint and whose 
hydrogen ion concentration can be calculated. Owing to the 
difficulty of exactly matching coloxus by eye the method is not 
an accurate one, but various colorimetric devices are avaflable 
and are of some assistance. The effect that salts have on the 
colours of some indicators is also a source of inaccuracy. 

2. The Conductivity Mdhod, — ^This is one of the oldest, and 
femains one of the best, methods of measuring hydrolysis; in 
ifs improved form it is due to Brepig. It can, however, yield 
Jiseful results only with salts whose solutions show considerable 
hydro^l^, say of the order of i per cent or more, and has there- 

be^ duefiy applied to the salts of oiganic bases, which 
irequaitiy ha^ very low dissociation-constants. = 
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Consider a solution of aniline hydrochloride, C1H5.NH2.HCl. 
This salt }delds the ions CsHj.NHj* (‘ anilinium ') and Cl', and 
on account of the weakness of aniline as a base, hydrol3^is takes 
place and the solution has a pronounced acid reaction. The disso- 
ciation constant for aniline is expressed as ' 

[An-] [OH'] _ 

[An] 

ISO' 



Fio. 69. CONDOCTiviTv or Anitinb Hydrocrlorwe SotunoNS 

If X is the degree of hydrolySte of the hydrochloride at a dilution 
V, the concentration of the various ions is: 

[An-]='-^. [Cl']=f. (H-]=* 

and the equivalent conductivity at this dilution will be: 

Av= (i*— 

whne n T^nesents the mobihty of the ion at this dilution. Since 
hydrogen ion moves very much faster than the anih'nitun ion 
tliat H parthdly replaces, toe equivatent conductivity of aniline 
hydrochloride solutions rise abnortnaMy rapidly with dilution. 
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It is possible from the observed values of the conductivity to 
calculate the degree of hydrol5^k directly, but it is better to proce^ 
as follows. Add to the solutions enough aniline to repress the 
hydrolysis to a negligible amount (quite a small concentration is 
enough) and measure the conductivity again. The ionization of 
the added aniline is so small that the conductivity of its ions can 
be entirely neglected and the aniline hydrochloride now behaves as 
a non-hydrolysed salt, its equivalent conductivity Ay' being repre- 
sented by the simple expression Av'=/iAn-+/ici'. The diagram 
shows the conductivities of the hydrolysed and unhydrolysed salt 
plotted against the square root of the equivalent concentration 
(p. 149) ; only the latter gives the normal linear plot. The difference 
between the two equivaJent conductivities at any dilution can now 
be read from the graph, the calculated value being: 


Av-“Av'=j»f(/ 4 H*— MAn*)» whence x=^ 


Av~A ' 


MAn* 


The values of fin' and /XAn* are known from separate experiments, 
and can without serious error be made equal to the mobilities at 
infinite dilution, so that x can 
be calculated with considerable 
accuracy. 

3. The Distribution Method , — 

Aifiline hydrochloride will continue 
to serve as an example. If an 
aqueous solution of this salt be 
shaken up with benzene some of the 
aniline will be extracted, but none 
of the remaining solutes. The dis- 
tribution ratio of pure aniline be- 
tween benzene and water may be 
measured in separate experiments, 
and it is found that the aniline is 
unimolecular in both phases. Con- 
sequently the concentration of free 
aniline in the hydrochloride solution 
can be calculated by analysing the 
bent^ layer at equilibrium and 
^viding by the distribution ratio. 

The concentration of the other ions can then be worked out by 
difference, and the dissociation - constant calculated from the 
equatbn: 


Beng ene La yer 


CeH3.NH2 


IQH3.NH/HP 

OH' 

Water La yer 


Fig. 70. Hydrolysis of Aniline 
Hydrochloride Solutions 
(Distribution Method) 


K [An- ] [OH-] 
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Notice that the degree of hydrol3rsis can no longer be calculated 
from the hydrogen ion concentration by the simple equation 
because aniline has been withdrawn from the solution 
and the degree of hydrolysis thereby artificially increased. This 
increase in the naturd hydrolysis is in fact one o^ the experimental 
advantages of the method. 

4. The Freezing-point Method. — Hydrol3^is a salt increases 
the number of solute particles. Thus, if BO! is a weak base, 
the salt BA will* be hydrolysed as follows: 

B-+H,O^BOH+H-, 

and for each B* ion thus consumed a hydrogen \on and a BOH 
molecule are produced. The freezing-points of solutions of hydro- 
lysed salts are therefore abnormally low. On account of the 
variations from ideal behaviour shown by the freezing-points of 
all electrolytes, most of which are in only moderately good agreement 
with the freezing-point relation as modified to include dissociated 
substances, this method is not very precise. 

5. The Catalytic Method . — The hydrogen and h3^roxyl ions are 
both distinguished by great catal3^ic activity. The velocity of 
actions that they catalyse has usually been found to be propor- 
tional to the concentration of hydrogen or hydroxyl ion, as the 
case may be, and the hydrogen ion concentration of the solution of 
a hydrolysed salt may be estimated by observing the speed of a 
suitable reaction in it. Such reactions are the saponification of 
methyl acetate or ethyl acetate (in itself a hydrolysis) whereby an 
alcohol and acetic acid are produced: 

CH,.C00C,H5+Ha0^CH,.C00H-|-C2H60H, 
or the decomposition of diazoacetic ester: 

N,.CH.COOC,H5-f HaO->CH,(OH).COOC*H5-J-N2 1 . 

The first can be followed by titrating at intervals the acetic acid 
produced, the second by gasometry. The inversion of sucrose is 
also catalysed by hydrogen ions and can be followed with the 
pohuimeter. ^ 

In spite of the indirect nature of this method, it has been used 
with great success on the salts of weak bases (such as urea hydro- 
chloride), which may be 50 per cent or more hydrolysed. For 
lower degrees of hydrolyas it is not so suitable. By an ingenious 
modification of the method it is possible to calculate the concen- 
tration of hydrogen and hydroxyl ions in pure water by observing 
speed of one of theise reactions in the pure solvent, and hence 
to cak^te the value of the ionic product of water. 

6. The BitfOrode PedmHal Memod of measuring hydrolysis will 
be ei^)Iained in Chapter VIll^ p* ^62. 
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Bimioseiiaoiis Catalysis*— We must now turn to the subject of 
homogeneous catalysis, which is best approached by a consideration 
of catalysis in solution* Heterogeneous catalysis will be discussed 
in connection with surface chemistry. It may seem strange to 
separate what appears to be one subject into two divisions according 
as the phenomena considered occur in one phase or two. Experi- 
ence has, however, shown that homogeneous and heterogeneous 
catal3rsis are probably phenomena of a fundamentally different 
kind, and that although certain ideas can usefully be applied to 
both, yet an artificial simplification of the subject is likely to lead, 
and indeed more than once has led, to confusion. 

Catalysis is an effect by which certain substances called catdLysh 
influence the velocity of a chemical reaction but are themselves 
unchanged in quantity and chemical composition at the end of it. 
While different authorities use the word in slightly different senses, 
we shall define it with the help of the following criteria: 

(i) A very small quantity of catalyst must be enough to produce 
a noticeable effect. 

(ii) The catalyst must be unchanged in quantity and chemical 
composition at the end of the reaction. 

(iii) The catalyst must not alter the final state of eqtiilibrium, 
but only the speed with which it is attained. Since the idea 
of dynamic equilibrium implies equal speeds for the forward 
and back reactions, it follows that: 

(iv) The catalyst influences the speed of the forward and back 
reactions to the same degree. 

When we come to consider the energy relations of chemical change 
in the next chapter, we shall see that it is impossible that a substance 
unchanged in quantity and composition at the end of a reaction 
should have any effect on the equilibrium attained in it. The 
third criterion is therefore a necessary consequence of the first 
two, but for the time we shall find it convenient to retain it,^ 

There are innumerable examples to which these criteria can be 
applied. When potassium iodide is added in small quantity to 
hydrogen peroxide solutions the peroxide decomposes into water 
and oxygen, leaving the potassium iodide unchanged. Acetyteie 
combines with water to form acetaldehyde in the presence of 
niercuric sulphate, but not otherwise: CgHg+HjOasCH^CHO. 
The catalytic activity of hydrogen and hydroxyl ions has ^eady 
briefly mentioned, and we may discuss one or two instructive 

avoid miacoiicqptioa, it should be observed that such influences as 
^at and light, al^e they are not material substances, are of i^rse not to 
^ incimled in the tenn catidysts. ; 
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reactions in which the applicability of the third criterion — unaltered 
equilibrium — ^has at one time or another been questioned. 


The velocity of saponification of ethyl acetate in dilute hydro- 
chloric acid is directly proportional to the acid concentration, but 
. [CH,.COOH] rCtHgOH] , 

the equilibnum expression — [CH COdC H^ 1 ' 

slightly according to the concentration of hydrochloric acid used 
as catalyst. It has, however, been pointed out that in calculating 
this expression the concentration of the water. Which is present 
in excess, has been assumed constant, whereas some of it is un- 
doubtedly combined with the hydrochloric acid catalyst; this 
explains the slight variation in the position of equilibrium with 
the acid concentration. Again, several reactions are known of 
which the course, and not merely the velocity, can be altered by 


the use of suitable catalysts. Thus, when toluene is acted on by 
cUorine in the absence of a catalyst, benzyl chloride is produced 
(CeHg.CH^Cl), but in the presence of such substances as iron or 
iodine, the product is a mixture of ortho- and para-chlorotoluenes 
(CH3.CeH4.Cl). It is generally supposed that in such reactions true 
equilibrium is not reached, and that one at least of the alternative 
products is metastable. Instances are known in which a reaction 
takes a different course in different solvents, e.g. in liquid ammonia, 
but not in water, calcium nitrate and sodium chloride wiU produce 


a precipitate of calcium chloride. It is, fiowever, obvious that a 
solvent, which must be present in comparatively large proportions, 
cannot possibly be brought into line with the usual definition of a 


catal}^t. 

The Intennediate Ckxmpoiiiid Theory. — Most of the known examples 
of homogeneous catalysis may be accounted for by supposing 
(a) that the catalyst forms an intermediate compound with one of 
the reactants, (6) that this intermediate compound reacts more 
rapidly than the original substance, and (c) that the catalyst is 
recovered in the change (the * intennediate compound theory '). 
This explains the observed fact that the reaction velocity is usually 
proportional to the concentration of catalyst, and the intermediate 
compound in some catalysed reactions has been isolated. Thus 
Friedel and Crafts' reaction between aromatic hydrocarbons and 
organic halides takes place when the system indudes anhydrous 
aluminium cMoride: 


C4H3+C3H6a[+AlCl3]=CeH4.C3H4+HCl[+AlCl83. 

and compounds between the alkyl halides and aluminium chloride 

Lve been isolated. The yield is much reduced by the presence even 

feOTite sm^ amounts of water, presumably b^ause water reacts 
Ith alununium chloride and destroys its activity^ We shall 
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revert to this point when we come to inhibitors, or negative 
catalsrsts- 

In some cases the intermediate compound can actually be seen. 
Hydrogen peroxide solutions are unaffected by either cobalt chloride 
or sodium potassium tartrate, but addition of both together to the 
boiling solution causes a bright green compound to be formed, 
which afterwards decomposes, Uberating oxygen and carbon 
dioxide, and leaving the pink cobalt salt in solution. In this 
reaction the cobalt ion is the catalyst, since the tartrate is con- 
sumed. The view that in catalytic reactions the catalyst undergoes 
a reversible chemical change is supported by the unusual catal3^ic 
activity of compounds of certain metals (such as iron, cobalt, 
or platinum) which exhibit variable valency, but there is no reason 
to suppose that the formation of intermediate compounds is not 
equally the explanation of the catal5dic activity of the hydrogen 
ion. It has already been emphasized that the proton has the power 
of attaching itself to neutral molecules: HsO’+At=^AH‘+H* 0. 
In aqueous solution the catalytic power is somewhat blunted by the 
water molecules that are almost certainly associated with it, and an 
enormous increase in the velocity of reactions catalysed by hydrogen 
ions is observed when absolute alcohol is substituted for water as 
the solvent. The addition of traces of water to the alcohoHc 
solution immediately reduces the catalytic activity of the hydrogen 
ion, and it has also been observed that the addition of traces of 
water to a solution of hydrogen chloride in ethyl alcohol causes a 
large decrease in the electrical conductivity. 

fatenaive Drying. — Special considerations apply to the catal}^ic 
activity of water itself, which appears to be unique in influenci^ 
not only chemical changes but physical changes as welL While 
it had been observed as early as the eighteenth century that dry 
carbon monoxide would not bum, the principal investigations of 
water-catalysis are due to Baker. We shall first consider the 
effect on the physical properties of substances of the exclusion of 
all traces of water. Water is present in all chemical systems 
unless very rigorous steps are taken to exclude it. Modem technique 
is based chi^y on heating the glass apparatus nearly to fusion in 
^ vacuum and on the use of phosphorus pentoxide over periods of 
several years as a desiccating agent. 

Some of Baker's most remarkable results are concerned with 
the effect of intense drying on the melting- and boiling-points of 
pure compounds. The liquids were sealed up in disra^g-isidc^ 
for nine w ten years in contact with phosphorus p^toxide, uAkii 
in the liquid* sometimes out of it. At the aid of 
this padqd ^he tip of the side-tube was broken imdar dry marcufy 
^d detamined by thermometers ih the liqira' 
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and in the vapour. All the liquids showed a marked increase in 
boiling-point. Mercury boiled at 420® instead of 358°, ethyl ether 
at 83® instead of 35®, benzene at 106® instead of 80®. Although pre- 
cautions had been taken to avoid superheating the liquids, the 
two thermometers showed different temperatui 

On exposure to the air the different Hquidjs reverted to their 
normal properties with very different speedsHpthe alcohols very 
quickly, ether in a day or two, benzene not for several days. The 
new properties of the benzene were indeed aston^' igly persistent; 
it was actually found that it did not boil wheq a lower layer of 
water was boiled through it. 

Other physical measurements were carried at on the dried 
liquids, with remarkable results, for though the surface tension 
and vapour density were found to have suffered notable changes, 
the density of the liquid appeared to be the same as before. The 
boiling-point, surface tension, and vapour-density results all 
indicate that the effect of intensive drying has been to increase 
the degree of association of the liquid, and if this is the explanation 
it is very odd that the density of the liquid should remain unchanged. 
It must be remembered that the validity of Bkker's results is 
not yet certainly established, and that many attacks have been 
made on them. Lenher attributed the alleged rise in boiling- 
points to superheating, and by adopting Baker*s method of heating 
in a bath was able to heat benzene to 106® without boiling it if the 
liquid was first freed from dust (but not from water). In another 
of Baker's experiments two platinum plates at a potential difference 
of 400 volts were placed in benzene and a rise in boiling-point 
observed; but Smits was not able to confirm this result. Some 
workers have confirmed the rise in boiling-point on intensive 
dr5dng, others have denied it. The technique is difficult, and we 
may have to wait some years before the question is definitely 
settled. If Baker's results are finally confirmed they are likely to 
have much effect on the development of chemical theory. Never- 
theless, the tendency of the most recent investigators is to attribute 
the apparent rise in the boiling-points of intensively dried liquids 
to superheating. 

While some of these physical experiments are still open to 
question, the chemical activity of water as a catalyst is firmly 
established. In the absence of water, sodium or potassium can 
be distilled in oxygen without combination, and sodium, mag- 
nesium, or zinc can be raised to a red heat in chlorine. A mixture 
of hydrogen and oxygeai can be heated to 1,000® C. without explo- 
Dry . ammonium chloride volatilizes extremely slowly on 
heating, although the vapour is completely dissociated. There 
S^ fi/^ver, one important feature of water catalysis that must 
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be emphasized, namely that it is restricted to heterogeneous or 
photochemical reactions. There are a few homogeneous reactions 
that take a different, and sometimes a more rapid course, in the 
presence of water, e.g. the combustion of carbon monoxide, which 
in the presence of steam follows the course: 

CO+HaO-COa+Hj. zH^+O^^zHA 
In general, however, reactions catalysed by water are either explo- 
sive or heterogeneous, and there is no good evidence that a 
homogeneous reaction (excluding photochemical changes) that 
proceeds at a measurable rate in the presence of water has ever 
been stopped by intensive drying. Intensive drying in hetero- 
geneous systems wffl be further discussed in Chapter IX. 

Negative Catalysis.— Catalysts may sometimes retard reaction 
velocity. Such negative caMysts are sometimes called inhibitors. 
Here again we must distinguish between homogeneous and hetero- 
geneous systems. In homogeneous systems the inhibitor probably 
combines either with one of the reactants or with some positive 
catalyst that may be present (compare the effect of water on 
Friedel and Crafts' reaction, p. 214). Just as in positive catalysis, 
a minute amount of the active substance can produce enormous 
effects. The rate at which sodium sulphite solutions absorb 
oxygen from the air can be reduced by 99 per cent by the addition 
of 0*000005 molar brucine hydrochloride. Similarly the oxidation 
of benzaldehyde is much retarded by a trace of sulphur. The 
chain-reaction theory h^ been used to account for negative cata- 
lysis. Thus the reaction between hydrogen and chlorine in 
sunlight is supposed to take place when a hydrogen or chlorine 
molecule is split into atoms; each atom then starts a reaction chain 
which continues until two atoms of the same element recombine: 

□2=201. C1+H2=HC1+H. H+Clj^HCl-bCl, etc. 

The retarding effect of oxygen is attributed to its power of inter- 
fering TOth the propagation of the chains. 

An interesting example of negative catalysis is afforded by the 
' anti-knock ' compoimds, such as lead tetraethyl, Pb(C2Hg)4, 
that are nowadays frequently added to petrol. ' Knocking ' is 
beUeved to be due to the decomposition of certain unstable per- 
oxides formed from the hydrocarbons of the petrol and oxygen 
from the air. These peroxides start reaction chains which result 
m the formation of more peroxide, and the anti-knock compoimd 
xs supposed to bring these reaction chains to an end by itself reacting 
with tile peroxides. 

. Aetiim. — Catalysis of the second degree is also known, 

xn which a second substance, called a promoter, increases the activity 
the catalyst. It is frequently found that a mixture of two 
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substances is a more effective catalyst than either separately; 
thus traces of iron usually increase the catalytic activity of copper 
and cobalt salts. The intermediate compound theory is probably 
the best available explanation of these phenomena, but the student 
should be on his ^ard against ‘ explanation '—of which the 
literature of chemistiy contains a great number!— in which without 
evidence the formation of unknown complexeslis assumed. Such 
theories must remain provisional until it can oe shown that such 
complexes can be formed under the conditions m the experiment, 
that they do catalyse the reaction, and that they Ipxe unstable. 
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CHEMICAL ENERGY 

Thermodynamics — Objects of chemical thermodynamics — ^The mechanical 
equivalent of heat — Energy of reaction— Calorimetry — The adiabatic 
calorimeter — Heats of combustion — ^Vacuum calorimeters — Hess's law — 
Heats of formation — Chemical afihnity — The principle of maximum work— 
Work and free energy— Notation— Carnot’s theorem and the second law 
of thermodynamics — ^The Gibbs-Helmholtz equation — Free energy and 
chemical change — The law of mass-action and the free energy of chemical 
reaction — The effect of change of temperature on chemical equilibrium — 
Systems at constant pressure — The free energy of formation — The equili- 
brium constants Kp and Kc — The kinetic theo^ and the isochore — Ener^ 
of activation — Explosive reactions — Applications of the isochore — Kirch- 
hoff's equation and the Nemst heat theorem — Applications of the Nemst 
heat theorem 

Tharmodynamics. — We have hitherto based our treatment of 
chemistry almost entirely on the molecular theory, and with the 
help of the kinetic view of matter have been able to b^in the 
discussion of the equilibrium between different kinds of matter. 
While this method is instructive and illuminating, it is frequently 
marred by lack of rigorous treatment and proof. This shortcoming 
is mainly due to the prominence necessarily accorded to the question 
of chemical mechanisms. In so far as we are still uncertain or 
ignorant of many of these, laws deduced from molecular-kinetic 
postulates alone will forfeit a certain degree of authority. It is 
therefore fortunate that there is another way of approach-— the 
thermodynamic. Thermodynamics is a science that deals with the 
energy effects accompan3nng chemical and ph}reical changes by 
mrthods which are quite independent of any theories as to the con- 
stitution of matter, and therefore of chemical mechanism. Just as 
the science of exact chemistry dates from the discovery of the Law 
of the Conservation of Mass, so does the science of thermod3mamks 
owe its progress as an exact study to the great discoveiy of the Law 
oj the Conservaticm of Energy by Mayer and Joule. 

Objects cA tgwai^i Tbennodynamios.— The idea of energy is 
1 ^ readffy grasped by the mind than the idea of matter, and 
the hk^ImkIs of thermodynamics tend to be highly abkiact 
“•^t be^inn^ find it a difficult subject. The majority of 
^^I^^hatjoas dm be as^ted by mental images or models, but this 
IS not true of .thermodynamical reasoning, which indeed freqimntfy 
nbanqcdS the mieigy to discuss properties still l»rd» 
. , «9 
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to associate with the world of the senses. These difficulties should 
not deter a beginner from the study of the subject, buj before he 
begins it he should understand exactly what it has to offer him 
and what the problems are which he is attempting to solve with 
its aid. ‘I'' 

The history of chemistry in the last cen^iry and a half has 
shown an increasing preoccupation with the fcasons for chemical 
change rather than with the collection of new facts. Whereas 
the eply triumphs of the chemist were concerned with the pre- 
paration of a new substance or the discover}^ of a new reaction, 
modem research has attempted to discover new principles by 
which whole series of such observations can be explained. The 
doctrines of the indestructibility of matter and of the atomic 
theory marked great steps forward, but since there was no informa- 
tion — and only a few inaccurate hypotheses — about the nature of 
atoms, it was not possible to explain, but merely to observe, their 
behaviour. By studying the energy relations of chemical change 
it is possible to understand much that must otherwise remain 
obscure, and in particular to form some ideas of the great problem 
of chemical affinity: Why will substance A react with substance 
B but not with substance C? In the following pages we shall 
examine as simply as possible the application of a few fundamental 
thermodynamical principles to chemistry, but the student must 
bear in mind that a thorough grasp of thermodynamics can only 
be acquired by a preliminpy study of the simpler systems in 
which only one component is present. 

The Mechanical Equivalent of Heat.— It was a chemical observa- 
tion that first led to the calculation of the mechanical equivalent 
of heat. Mayer, a young German doctor with very little training, 
was sent on a voyage to Java, and in the course of his duties had 
occasion to bleed the crew soon after they reached the tropics. 
He was struck with the unusually bright red tint of their blood, 
which indicated a decrease in the consumption of oxygen, and 
asked himself why a man should require a smaller daily amount 
of oxygen in the tropics thagi in Germany. This led him to con- 
sider the energy released when food was consumed in the body, 
and in 1842 he was able to make the first estimate of the mechanical 
equivalent of heat. Joule's later and more accurate determination 
by the ph3^ical method is familiar to all students of physics. 

Eneiigy of Eeaotton.— The most obvious sign that energy is in- 
volved in chemical change lies in the great quantities of heat 
liberated in certain common reactions. When a single gram of 
hydrogen fe burned it liberates more than 30,000 calories — enough 
^ about half a pint of water from room temperature to the 
boQing-pomt. Wh^ a mixture of aluminium powder and iron 
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oxide is ignited the temperature rises above the melting-point oi 
most of the common metals: a fact that is made use of in welding 
steel rails together. Such reactions are called exothermic. The 
absorption of heat when a reaction takes place is less common 
and the quantity of heat involved is usually much smaller, but 
such reactions are well known: they are called endothermic. The 
reaction between thionyl chloride and glacial acetic acid is an 
example that can easily be demonstrated. When seen from a 
theoretical rather than a practical point of view endothermic 
reactions are only of conventional significance. Fundamentally ail 
chemical compounds must be referred to the elements which com- 
pose them, but so long as we were ignorant of the energy liberated 
in such reactions as 20=02, or 2H=H2, heats of formation of com- 
pounds were of necessity referred not to atoms but to what are 
essentially very stable compounds of atoms, such as 0* or Hj. 
From the two thermal equations 

2O =02, 1 17 Cal. liberated, 

30a=203, 68 Cal. absorbed, 

we may, with the aid of the law of conservation of energy, deduce 
the true heat of formation of ozone, from atoms: 

30=03, 141*5 Cal. liberated. 

The endothermicity of ozone, although of the first importance in 
assessing its stability in relation to ordinary (molecular) oxygen, 
reduces in fact to the statement that the heat liberated per oxygen 
atom combined is somewhat less for ozone than for ordinary oxygen. 
When formed from atoms all chemical compounds are exothermic, 
usually in a very high degree. 

Calorimetry. — ^The heat of reaction can be measured in some 
form of calorimeter. Unfortimately the sign convention differs 
with different authors. A chemist, whose science was applied to 
the study of fuels before the birth of thermodynamics, is naturally 
loath to abandon the long-established tradition that heat liberated 
or work done is in a sense profit, and therefore to be reckoned 
positive. A minor advantage of this chemical convention is that 
since most chemical reactions are exothermic, only a few (n^ative) 
signs need be used or printed. However, this convention has 
proved confusing and unworkable in thermodynamics, students 
of which now almost universaJly adopt the so-called ' acquisitive ' 
convention: attention is focused on the system under consideration 
father than on its surroundings; quantities increasing in magnitude 
^ the system are said to undergo a positive change, and conversdly. 

In the paragp|*s which follow on thermodynamics we ^all adopt 
this cimvention, while retaining the chemical tradition in defixfitions 



%%% THEORETICAL AND INORGAJ^IC CHEMISTRY 

of heat of formation, annbustion, etc. When the heat change is 
written with the equation it denotes the heat given out (or absorbed) 
when one gram-molecule (or the quantity represented in the equation) 
of the reactants combines with the formation of the products 
shown. Since heat is involved in the change from one phase to 
another, it must be stated in the equation wnether the reactants 
and products were in the solid (s), liquid (1), or gaseous (g) state. 
Standard pressure is assumed unless the contr^ is stated. Since 
the heat of reaction depends on the temperature of the reactants 
before and the products after the change, this ten^perature must also 
be stated, and finally, if the figures refer to a r ction at constant 
volume, and not, as is more usual, at constant tessure, a note to 
this effect must be made. The equation 

H,(g)+^,(g)=H, 0 (l) +68,290 calories (at 25®) 

means that at 25° when 2 gm. of hydrogen react with 16 gm. of 
oxygen, both at a pressure of 760 mm. of mercury, to produce 
liquid water, the heat given out amounts to 68,29(1 calories. 

In the practical measurement of the heat of reaction special 
dfficulties are encountered which are usually absent from simple 
physical determinations. The reactions are sometimes very slow, 
and sometimes do not go to completion, or there may be side- 
reactions that cannot be eliminated. Sometimes the reactants or 
products are chemically active, when specially resistant calorimeters 
have to be used, or they may develop enormous pressures inside 
closed apparatus. We cannot discuss these special cases, but 
may mention one or two types of calorimeter in which some of the 
difiiculties have been overcome. 

Ibe Adiabatic Calorimeter. — ^The greatest inaccuracy is due to 
loss qf beat born the calorimeter during the progress of the reaction. 
This can be reduced by keeping the surroundings of the calorimet^ 
at the same temperature the instrument itself. The adiabatic 
caJimmeUf^ as it is called, is an invention of Richards. The en- 
vironment may be heated electrically, or use may be made of the 
heat liberated when acids neutralize bases. In the stdmarine colon- 
the instrument is entirely immersed in oil or water, whose 
temiwature is continuously varied. The temperature inside the 
calorimeter and in the bath is read every few seconds with thermo- 
meters or thermocouples, and tl^ beating of the bath regulated 
accordingly. In a furti^ development of the apparatus the 
heating of the bath ia automatically regulated by the difference in 
reading between two inch thennocouples. the temperatures of 
the calorimeter and of the are therefene always equal and no 
hea^t losses can take {dace. 
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In order to calculate the quantity of heat evolved in the reaction 
from the rise in temperature which takes place, the thermal capacity 
of the system must be known, but it is usu^y simpler to include 
an dectric heater in the calorimeter and to see how much heat 
must be supplied to the products to raise their temperature through 
the observed interval. If the two experiments are done under 



exactly similar conditions, there is then no necessity to apply any 
correction for the thermal capacity of the calorimeter. 

ot Cknnburtion.— The heat of combustion is the heat of 
reaction which is most frequently determined, and for reasons 
which win shortly be clear it is one of the most useful quantity 
for calculation. Combustion is one of the few reactions of oxgsmic 
compound which proceed to a definite conclusion in a reasonable 
fhne: most organic substances can be completely cdidiaed by 
uhdbr i^^ure. Since a considerable pressure is required 
before the l^^tion and is developed after it, the boxi^ calorimi^er 
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originally devised by Berthelot is used, and since the heat is 
evolved very rapidly the adiabatic method is out of the question; 
the calorimeter is immersed in a known weight of water and its 
rise in temperature is measured. The water itself may, however, 
be placed in an adiabatic enclosure. j 

The bomb consists of a steel-walled vessell with a screw top. 
A known weight of the substance to be invesmgated is placed on 
a platinum plate, where it can be ignited by\ passing a current 
through a thin iron wire: a correction must befeade for the heat 
liberated by the combustion of the wire. The combustion is 
carried out in oxygen under pressure. The wMls of the bomb 
must be lined with gold or platinum to avoid the possibility of 
oxidation. 

Vacuum Calorimeters. — ^While adiabatic calorimetry has made 
great progress in recent years in the hands of Richards and others, 
the Dewar flask is still much used as a calorimeter. This consists 
simply of a glass vessel with double walls and a high vacuum 
between them: the low rate of loss of heat from such vessels is 
well known and is made use of in the Thermo^.' Open calori- 
meters are always avoided, on account of the heat losses due to 
convection-currents and evaporation, and the vessel is therefore 
fitted with a lid and with a stirrer, since the temperature of an 
unstirred liquid may be far from uniform. 

A rather different type of instrument has been devised for the 
measurement of the specific heat of gases at low temperatures. 
A known mass of the gas is enclosed in a small steel vessel with 
veiy thin walls, to wWch it is conducted at a low temperature 
through a silver capillary tube. The steel vessel is wound on the 
outside with two separate coils of platinum wire— one to supply a 
known quantity of heat, the other to function as a resistance 
thermometer and measure the rise in temperature produced — and 
is suspended in a high vacuum. With this apparatus Eucken was 
able to measure the specific heat of hydrogen at temperatures as 
low as 35® Abs. 

JBunsen's ic^ calorimeter is^ still occasionaUy used to measure 
the heat change in reactions which are either very slow or 
give out very little heat, but the experimental difficulties are 
considerable. 

Besses Law. — We may now consider some of the results of these 
expernnents, and shall find it convenient to employ the law, enun- 
by Hess, that the heal evolved in passing from substances 

to mhstam^ B is independeni of the steps in which the transform- 
^ is caMed ofit. Any contrary conclusion would violate the 
* fibrs^t law of tbennod3maniics, for we could create energy by carrying 
out change with the maadmum evolution of heat and reversing 
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it with the expenditure of a less amount. With the help of this 
principle we can calculate the heat involved in reactions which it 
would be difficult or impossible to investigate experimentally. 
Thus the oxidation of carbon in the form of graphite to carbon 
dioxide could be carried out either directly, or by first converting 
it to diamond and then oxidizing the diamond. While the experi- 
mental measurement of the allotropic change cannot be under- 
taken, it is possible to measure the heats of combustion of graphite 
and diamond, the figures under similar conditions being +94,240 
and +94,420 calories respectively. The heat involved in the 
allotropic change is equal to the difference between these results, 
so that if graphite could be converted to diamond 180 calories of 
heat per gram-atom would be absorbed. 

Heats ol Fonnation. — In this way it is possible to construct a 
table showing the heat of formation of various substances under 
standard conditions from their elements. Three principal units 
are now in common use for the expression of chemical energy. 



HecU oj 

Reaction 

Compound 

Formation 

(Gaseous reactants at 


(Cal.) 

I atm. pressure) 

H.O(l) 

68*29 


H,0 (g) 

57-75 


H.S (g) 

5-28 

H,+S (rhombic) 

NH, (g) 

IfO 


NH. (1) 

15-8 


NH, (N. aq.) 

19*4 


HCl (g) 

22*1 


HCl (N. aq.) 

39-2 


HBr(g) 

8*7 

iHa-f iBr, (liquid) 

HI(g) 

-5-9 

(solid) 

HI (N. aq.) 

13*2 


CO, (g) 

94-3 

C (graphite) + 0 , 

SO, (g) 

70*9 

S (rhombic) +0i 

CO(g) 

26*8 

C (graphite) -f JO* 

NO (g) . 

— 21*6 

iN.+iO, 

NO, (g) 

-7*9 

iN,+0. 

MgO (a) 

139*0 

Mg (metal) *f}0| 

CaO(s) 

151*3 

Ca (metal) + JO, 

ZnO ( 3 ) 

84*2 

tvL (metal) + JO, 

A*,0,(s) 

156*1 

As (grey) +10, 

A1,0, (a) 

398-5 

A) (metal) +10* 


at I atm. pressure; 1> liquid, s»*«solid; 
N. aq.«s normal aqueous solution) 


Heats of Formation (Heat lib&rakd reckoned positive) 
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The kibxalorie (z,ooo calories, s}mibol k. cal. or Cal.) the longest 
tradition, but dectrical methods of operating calorimeters have 
steadily encouraged the use of the kilo-joule ^symbol kj.). This 
imit is directly connected with fundamental units by its definition 
as 10^® ergs. One kilo-joule equals 0*2386 Cal. The third unit, the 
dedroftrVoU (s3mibol ev.), has come into use more recently as a 
convenient unit for expressing true molecular andktomic energies. 
One electron-volt is the (kinetic) energy acquired bv an electron in 
being accelerated through a field of i volt potential difference. If 
a molecule acquires this amount of energy, then i gm.-mol. acquires 
23*06 Cal., or very nearly 100 kj. By convention, the heat oj 
formation is the heat liberated when one grarrtrmolecule of the substance 
is produced from its elements when these are in the physical and 
chemical condition usual at room temperatures. Thus the heats of 
formation of organic compounds containing only carbon, oxygen, 
and hydrogen are obtained by deducting from the heats of formation 
of the carbon dioxide and water produced the heat of combustion 
of the compound. A negative he it of formation indicates that the 
compound is formed from its elements with absorption of heat, but 
here again the practice of different authors must oe taken into 
account. The table (p. 225) shows the approximate heat of forma- 
tion of some well-known substances at room temperature. All the 
figures refer to one gram-molecule. 

Chemical AfBnity. — It is obvious from the table that there is a 
general connection between the avidity with which certain elements 
combine and the heat of formation of the compoimd produced. 
This is well shown by the halogen acids, whose heats of formation 
increase in the order of decreasing atomic weight of the halogen; 
this is certainly the order of their activity towards hydrogen. 
Indeed, it was at one time supposed that the heat evolved in a 
reaction was a true measure of the tendency of the reaction to 
take place— or of its * chemical afi&nity * — and to estimate this 
afiSnity was the object of many of the early thermochemical in- 
vestigations. That this view cannot be the true one is shown by 
thejpccurrence not only of definitely endothermic reactions but also 
oi balanced actions, for a reaction consumes heat in one direction if 
it liberates it in the other. The further suggestion was at one 
|ime made that affinity might be measured by the velocity of 
piemkal change, but this view is equally^ untenable. It can 
sbarcely be denied that oxygen and hydrogen have gimt affinity 
for one another, yet a mixture of these gases may be kept indefinitely 
in the absence of catalyrts without giving any sign of reaction. 
The greatest, claim wh^ theimodynaimcs has on the attention 
dtdsimists m that it can provide a partial answer to this question. 
One ^^ht expect that the law of mase-action or some extension 



CHEMICAL ENERGY 227 

of it would be of assistance. It is true that if we know the equili* 
orium-constant of a balanced action it is possible to predict with 
the help of this law what direction a reaction will take in a mixture 
of reactants and products in given proportions. It is, however, 
impossible to estimate the value of the equilibrium-constant 
without experiment, but this is what we must try to do. It goes 
without saying that wte can estimate the equilibrium-constant only 
in terms of some other experimentally determined value — ^we 
cannot evolve it out of our inner consciousness. This, however, is 
a limitation common to the whole of physical science, which is a 
matter not of creation but of classification. The student may 
also have observed that the law of mass-action gives us no hint 
of the effect of temperature on the equilibrium-constant, A 
qualitative answer to this question is provided by the principle 
of Le Chatelier — ^which we stated without proof — but for the 
quantitative expression we must fall back on thermodynamics. 
This more modest inquiry — ^the effect of temperature — we shall 
be able to answer completely. The calculation of the magnitude 
of the equilibrium-constant has as yet been only partially carried 
out, and many uncertainties are still involved in the process. Here 
we shall be able to do no more than to indicate the direction from 
which the complete solution will probably come. 

The Principle ol Maximum Work. — It will first be necess^ to 
state more precisely what we mean by affinity. The affinity of 
a chemical reaction is the tendency which the reaction has to take 
place, in the sense that reactions with positive affinity can take 
place (but may not do so in the absence of suitable catalysts), 
while reactions with negative affinity cannot in any circumstances 
take place, and reactions with zero affinity have reached equilibrium. 
As a measure of the affinity of a reaction we shall take the maximum 
work which the reacting system can be made to perform. It can 
be demonstrated by the principle of maximum entropy that the 
only spontaneously occurring processes — ^that is, the only processes 
with positive affinity — ^are those from which work can be obtained. 
If the student's knowledge of physics does not carry him so far 
as the conception of entropy he must be content with the informa- 
tion that the principle here enunciated is a consequence of the 
second law of thermodynamics, which is independent of the mole- 
cular theory of matter. We may, however, give a mechanical 
explanation of what is meant by maximum work. It is obvious 
that while the same mechanical process, if carried out in different 
ways, must liberate the same amount of energy, the proportion of 
this energy which appears as external work performed by the system 
is variatOe. If a weight is allowed to fall freely throt^h a givim 
the ^ole <rf the kinetic energy at the bottom, whidh is 
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equal to the potential energy at the top, is dissipate^ in heat and 
sound. If, however, before releasing the weight we attach it by 
a cord passing over a frictionless puHey to a very sUghtly smaller 
weight, then the system, when released, will move slowly, the 
falling weight will have a negligible kinetic energy on reaching the 
^ound, and nearly the whole of the energy will hive been retained 
in the form of potential energy of the weight which has been raised. 
The process has then been carried out with the penormance of the 
maximum work and with the dissipation of the minmum amoirnt of 
energy as heat. This can be done only if the system is acted on 
at any moment by the smallest force which will move it at all, so 
small in fact that any reduction in it would cause' the system to 
move in the opposite direction. When the process has been carried 
out imder such conditions it is called a reversible process, md the 
work which can be got from a process is always a maximum when 
the process is carried out in a reversible manner. It might be 
thought that, by demanding reversible processes to give a true 
measure of affinity, we shall again be concerned with mechanism, 
and the disadvantages of the purely chemical approach already 
mentioned. It must, however, be remembered that any mechanism 
whatsoever, even one entirely impracticable, that is reversible will 
lead to the same valuation of the affinity as any other. In point of 
fact a perfectly reversible process is a theoretical figment, and can 
never be actually realized, but this idealization does not in the least 
detract from the validity of the thermodynamical predictions. The 
affinity so determined will still be authentic for an actual, practical, 
but certainly at least partially irreversible process. 

As an example of a chemical process reversibly carried out, we 
may consider the compression of a mixture of ammonium chloride 
vapour with its products of dissociation: NH4Cli^NH5+HCl. If 
the pressure on the system is gradually raised, we know from Le 
Chatelier's principle that ammonia and hydrogen chloride will 
combine; if it is gradually released more ammonium chloride 
dissociates. If properly carried out, the process involves no 
<^ipation of energy. 

Certain types of galvanic celTare excellent examples of reversible 
processes; tlwey will be considered in the next chapter. 

Wofdk and Fitee Eoi&cgy* — The term work is properly used when we 
th^ of the surroundings of a system and the effect it has upon 
them. From the thermodynamical standpoint, however, attention 
Is focused on the loss of eneigy by the system in performing external 
work. The thermodynamic quantity corresponding with work, 
tamed the free energy {of the system), was first introduced by 
BmuwHOLTZ, and so named by him. He i^farded a system as 
hcldie^ a certain stmre of free energy whidi may, under suitable 
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conditions, be d im i n ished by its issue and realization as external 
work w, of equal magnitude but opposite sign to the change of free 
energy, or be increased by the performance of work on the system 

The balance, making up the total energy of the system U\ he called 
the bound energy Q'l it is realizable externally only as heat, and 
may be increased by adding heat to the system. It is simple to 
calculate the ch^ge of free energy of i gm.-mol. of a perfect gas, 
when a change is made in the pressure, at constant temperature. 
Since ^ 7 =Jir=constant, 

-dF'=^dr=-Fd/>=-Jir d log p. 

Thus for a finite pressure change from pi to p^ we have 
Fi-Fi’=RT log {p^p^. 

That the conception of free energy is broader and more fundamental 
than that of work appears in many ways, but particularly in the fact 
that a change of temperature will produce a change of free energy, 
even when the change is isosteric, that is, conducted at constant 
volume, so that no work terms can arise. The reader should con- 
sult a textbook of thermodynamics for a proof of this, as it is outside 
the scope of this chapter. The relation JF' is therefore valid 
only for changes conducted at constant temperature, called iso- 
thermal, and moreover these changes must be ideally reversible. 
The same conditions apply to the relation of heat q to the bound 
energy Q', given by the equation 

The application of the idea of free energy is not, of course, limited 
to the gaseous state, although in that case the calculation of its 
changes in terms of V, and T is often simple. Modem develop- 
ments in thermodynamics have shown how the absolute magnitudes 
of quantities, such as free energy, may be evaluated, but it remains 
customary and convenient to assign arbitrary datum lines to ther- 
modynamic quantities. We take pure solids, pure liquids, and 
gases at i atmosphere pressure to have zero free energy. Free energy 
reckoned from this zero is often termed the standard free energy. 
When we have to deal with solutions the standard free energy of 
the solute is reckoned from the datum line of molar concentration 
C=4=i. On this convention the ideal gram-molecular free energy of 
a gas or solute is RT log p and RT log C respectively. 

Kotationu— Our arguments will be largely concerned with changes 
of free eneigy, and total energy, often written AF and AV, but to 
avoid the ccmtinual repetition of such rather clumsy symbols we 
ask the read^ to assume that an unprimed simple symbol, such as 
^ or XJ^ means alwa}^ a finite change in the quantity concorx^^ 
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On the infrequent occasions when values of these quantities referred 
to an arbitrary standard state are required we shall use primed 
symbols, F\ U\ etc. Thus 

The reader's attention must be drawn to the prevailing confusion 
in regard to the S5mibolization for free energy, to which we shall 
continue to assign the symbols F and F'; some authors, however, 
prefer the S3anboi A, and employ F for an allied quantity (the 
* chemical ' free energy G, p. 235). \ 

Camot^s Theorem and the Second Law of Themodynaniics.<--The 
first law of thermod3mamics is concerned with the energy of a 
system as a whole; it states that the sum total of en^gy of ail types 
is conserved in an isolated system. The province of\the second law 
lies in the limitations governing the interconversion of free and 
bound ener^. Carnot, before the acceptance of the first law. 
discussed this question under the guise of the efficiency of a heat 
engine, which he defined as the ratio wjq, where w is the useful work 
obtainable by the expenditure of heat q into the engine. His work, 
although epoch-making when seen in the light of later develop- 
ments, was obscured by his apparent ignorance of the| first law, and 
by a vague attitude on the meaning of temperature. ' He was, how- 
ever, the first to appreciate that an ideal engine is a perfectly re- 
versible machine. Kelvin first gave precision to Carnot's ideas, 
and showed how to define temperature on the absolute scale which 
we now use. Carnot's theorem on efficiency could then be quan- 
titatively expressed by the equation 

wlq^{T,-^T,)IT, 

where (T,— Tj) is the working temperature range on the absolute 
scale of an ide^, that is perfectly reversible, engine. In differential 
notation this equation takes the form 

dw^qdTIT^ 

which is an expression of the second law. In modem terminology 
it may be said to provide the law of the conversion of bound into 
free energy, and it demonstrates how this conversion is dependent 
on a difference in temperature^ 

Hie Gihbs-Sdiiiliotts Equation.— In any change, physical or 
diemical, the net change U in the total energy of the changing 
system must be, by the law of conservation of energy, the algebraic 
sum of the changes in bound and free energy, Q and F respectively, 

U^Q+F. 

The diange U is sometimes termed the diange in ' internal ' energy, 
jbirt this descri^ion is fi! chosen, and frequently misleading. To 
die application of this important equation, tyjncal cases foi 
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a system X, operating perfectly reversibly at constant temperature 
r, are tabulated below. 


Change 

(1) Heat q absorbed 

Q 

F 

U 

Work w done by X 
(2) Heat q liberated 

S' 

— 

q^w 

Work w done on X 
(3) Heat q absorbed 

-9 

w 

w--q 

Work w done on X 

9 

w 

q+w 


From the equalities dze^=— dF, and 5==+^ (p. 229), we may 
transcribe Carnot's relation dw=^q6TIT into 

-dF=+Qdr/r 

or ~(?=r(dF/dr). 

Since U^Q+F, we have at once 

F-C 7 =r(dF/dr). 

This is the Gibbs-Helmholtz equation in its original form. It may 
be written in the equivalent, but more compact and useful, form 

d(F/r)_-C 7 

dr r* ’ 

By carrying out the differentiation indicated, the second form trans- 
forms at once into the first. We shall need the second form in 
deriving the reaction isochore. 

The Gibbs-Helmholtz equation (in either form) relates the change 
F in free energy and the associated change U in total energy, when 
the change is accomplished isothermally at temperature F. It is 
of the first importance to realize that the equation is rigorously 
applicable to actual, and therefore at most partially reversible, 
changes. It is no less valid for completely irreversible changes. 
If an isothermal change is ideally reversible, then the whole change 
F is realized as (external) work; if the change is not reversible, then 
only a small part or none of the free energy change will appear as 
work, but tjie free energy change will stiU be precisely that specified 
in the Gibbs-Helmholtz equation. 

Am ESnergy and Change. — We may now profitably 

re-state the principle of maximum work in a more gener^ form. 
AU systefm tend to change spontaneously otUy in the directim of a 
demme in their free energy this has been reduced to a m i nimum 

the system ceases to change, and comes into a condition of equili^ 
brium. We coimect what has been called the affinity of a tm^km 
the corresponding change of free en^gy. If we are 
now BshssA how this change of free energy, and therefore the 
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may be ascertained, we can give the prescription:, (i) select a 
reversible mode for effecting the reaction, (2) measure the work 
obtained when the reaction proceeds in this mode, and reverse its 
sign. If the change is effected irreversibly it only means that the 
work obtained, if any, has no relation to the affinity, but the 
affinity is still measured by the free energy change, and is a fixed 
property of the reaction, and in no way dependent on how the 
reaction is conducted. There may be many rout«, reversible and 
irreversible, by which a system can move from oni chemical state 
to another, but the law of the conservation of eneiW tells us that 
whatever the route chosen, the difference of total en&gy V between 
the states will be precisely the same. We have met this principle 
already in Hess's law (p. 224). The same property, of independence 
of route, is manifested by the free ener^ F. In the simple example 
of the change of free energy of a gas with pressure (p. 229), we made 
the calculation on the assumption that the pressure change took 
place reversibly, and used the relation w=^—F, The change of 
free energy would be exactly the same if we had imagined the ex- 
pansion to take place suddenly into an evacuated vessel of suitable 
capacity, but no work would have been gained. In ^the reversible 
expansion heat q must be passed into the gas to maintain constant 
temperature, and this heat is exactly equivalent to the work done 
by the gas, the total change of energy U being zero. Thus we have 
U = — F+^=o, where w= — F, and y =9. During the irreversible 
expansion no heat is supplied, but free energy F is converted into 
bound energy Q, Again we have C/=—F+^=o. Thus the 
gaseous system suffers exactly the same changes in its free and 
bound energy in both types of expansion. It is only when we seek 
a ready means of evaluating changes in thermodynamic quantities 
such as F and Q, in terms of p, V, and F, that we must often confine 
our attention to specified types of route, such as those that are 
perfectly reversible, but the results so found are universally appli- 
cable. It must be noted that both work and heat changes are 
quantities dependent on the choice of route. Those readers familiar 
with the more ph;^sical aspects of thermodynamics will be aware 
that~ it is precisely to circumvent the dependence of heat changes 
upon route that the function entropy, S\ is introduced. The bound 
energy Q* referred to above (p. 229) is expressed as the product TS\ 
It is probably because thermodynamical arguments must necessarily 
be more concerned with abstract quantities such as free energy and 
entropy, than with the more familiar work and heat, that the science 
s/eems baffling to the b^(inner; but unless such a basis is adopted, 
thermodynamica] predictions would be valid only for ideal re- 
warsiMe systems, and could not apply universally to actual, practical 



CHEMICAL ENERGY 253 

Ibe Law ot Hass-action and the Fim Energy of Cfhem^ 

—Let four perfect gases, B, C, D, and E, which react according to 
the equation 

B4“C=D“f‘E, 

be mixed at a suitable temperature T, thereafter maintained constant, 
and steps be taken to, promote the attainment of the equilibrium 

B+C^D+E. 

To test whether a true equilibrium has been reached we proceed as 
follows. If equilibrium has not been attained then some change in 
the composition of the mixture, say an increase in the pressures 
/>£> and pis. of the resultants D and E, and a decrease in the pressures 
and pc of the reactants, will cause a decrease in the free energy 
of the whole system, and bring it nearer to equilibrium, where the 
free energy is a minimum. If equilibrium has been reached, then a 
small change of this kind in either direction will leave the free energy 
unchanged, for the condition for a minimum is dE=o. Thus 
equilibrium is reached when for a small change of composition 

(dEn+d-FE) — (d-FB4“djPc) = 0 . 

We have seen (p. 229) that for a perfect gas dF=Jir dlog/>. 
Therefore at equilibrium 

JRr(d log ^D+d log ^E—d log /)B—d log ^c)==o 

or RT d log T^=o. 

pBpc 

Therefore ~^=constant, K (at constant temperature). 

PbPc 

If we now have a store of the gases B and C, each at i atm. pressure, 
we may pass i gm.-mol. of each of them in successive small amounts 
through the equilibrium system, and similarly withdraw i gm.-mol. 
of each of D and E, also brought to i atm. The free energy change 
for this operation of the equation B+C==D+E in the forward 
direction, i.e. complete transformation of B and C into D and E, 
will be due to the stages: 

(1) B and C at i atm. pressure are brought to the equilibrium 
pressures pB and pc respectively, 

(2) D and E at equilibrium pressures p^ and pB respectively are 
brought to I atm. pressure, 

for since B and C react to form D and E under equilibrium con- 
ditions, no free energy is lost or gained in the actual chemical change. 
Hence we see that the free energy change F® in the forward direction is 
jp«as5 Jir(log ^B+iog ^c— log log Pb)^'—RT log K. 

This result has brought us to an exact measure of the affinity of 
the ruction B+Css^D-fE, for by taking the initial and final 
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pressures as unity, we have eliminated effects due to arbitrary values 
of the pressures, and placed ourselves in a position to correlate the 
afiBnity of one reaction with that of another, when each proceeds 
at the same temperature. is usually termed the standard free 
energy of the reaction, 1 

The EHect of Cfhange ol Temperature upon Chem^ Equilibrium.— 
From the results already obtained the problem onhow temperature 
influences chemical equilibrium is easily solvedA Let U be the 
total ener^ change occurring when i gm.-mol. of\each of B and C 
(each initially at unit pressure) is completely converted into i gm.- 
mol. of each of D and E (each finally at unit pressure) by the 
operation of the equation B+C=D+E in the forward direction. 
We have seen that the concomitant change in free energy is 

= logK, 


From the Gibbs-Helmholtz equation in its compact form we have 
di-RT log K)/T -r/. 
dr 72 » 

or, on simplifying: i 

d log A _ ^ 
dr ""HP 


Now the change in total energy U must be just the energy change 
registered as heat gy when the reaction proceeds, necessarily irre- 
versibly, in a calorimeter at constant volume. 

d log K _^ qv 

“dr 


Therefore 


This relation is called the reaction isochore. When the chemical 
sign convention is adopted qv must be changed to —qv- 
If the reaction is exothermic in its forward direction, d log KjdT 
is negative, and K decreases with rise of temperature T ; that is, the 
yield of D and E in the equilibrium mixture is lessened. The 
relation is, of course, the quantitative statement of Le Chatelier’s 
principle in its application to changes of temperature. 

Systems at Ckmstaut Pressure. — In our derivation of the Gibbs- 
Helmholtz equation and in the-gas reaction B+C=D+E to which 
it was applied, to illustrate how problems of chemical aflSnity may 
be solved, we have tacitly or explicitly assumed that our systems 
are * constant volume ' systenxs. In the Gibbs-Helmholtz ^uation 
this feature is seen in the meaning of 17, and in the conditions of 
differentiation of the dF/dF term, which should strictly have been 
written (bF/Sr)^. This condition means that the change of free 
F w^h temperature T must be measured after steps have 
ensuring that the pressure on the gaseous system is 
tBd to prevent a chai^ of volume as the temperature is 
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altered. In the chemical equation •constant volume* means that 
there is the same number of molecular species on each side. So long 
as we confine our attention to purely gaseous chemical systems this 
restriction is not serious, as we can always comply with it by suitable 
adjustments of pressure and simple calculations. When, however, 
we deal with systems involving solick and liquids as reactants or 
resultants such a restriction is prohibitive. In such systems the 
only practicable condition is constant pressure, usually atmospheric. 
In the general case, therefore, the total free energy change F attend- 
ing a chemical reaction will consist of two contributions: (i) The 
change due to the work w involved in the change of volume at 
constant pressure, given by Fj). This contribution is — w. 

(2) The change associated with the transformations of molecular 
species, B, C, etc. to D, E., etc., from which the contribution is 
F—{'—w)^F-\-w\ it is clearly to this alone that the affinity should 
be related. We have seen that F^U^Q (p. 230); hence F+w^ 
Now it is obvious that when the reaction takes place 
in a calorimeter at constant pressure the heat change registered 
must be q=^(U+w), for the term w is still involved. Hence the 
* chemical * free energy change F+w==G, and the ordinary calori- 
metric measurement correspond in the same way as F 

and U\ in particular G—H^^F—U. Further it may readily be 
shown that ( 6 G/ 6 r)^=( 5 F/ 5 r)K. Hence we can write more general 
forms of the Gibbs-Helmholtz equation thus: 

G-H=T( 5 GldT)p : 

These equations really include the form in terms of F and 17 as a 
special case, in which — ie^=o. The heats of formation in the table 
on p. 225 are measurements of H, and not of U, When H is large, 
its difference from U is commonly small in comparison with its 
magnitude. The free energies of formation below are likewise 
values of G, not of F. (Free energy released reckoned negative.) 


Compound 

Free Energy 
of Formation 

Compound 

Free Energy 
of Formation 

at 298® K. 
(CaX.) 


at 298® K. 
(Cat,) 

H,0 (1) 

-56-7 

CO, 

-94*3 

H^S 

-7-84 

CO 

-32*5 

HF 

-31-8 

NO 

4-20*85 

HQ 

— 22*7 

NO, (g) 

-f 12*49 

HBr 

-12*5 

MgO (s) 

- 136-4 

HI 

— 2*0 

ZnO (s) 

-75*7 

KH* 

-3*9 

As,0, (s) 

-1377 


(For reactions, see table, p. 225 : all gases atm.) 

Fsbs Energy of Formation 



236 THEORETICAL AND INORGANIC CHEMISTRY 

Inspection of this table in conjunction with table on p, 225 for heats 
of formation discloses that free energies of reaction and heats of 
reaction commonly have the same sign and comparable magnitudes. 
We could therefore hold empirically that heat of reaction usually 
gives a rough estimate of the affinity, but that this as a principle 
is false is well shown by the case of hydrogen iodide, where an 
endothermic compound is formed spontaneously irom its elements 
owing to the decrease of free ener^. It is interesting to contrast 
nitric oxide NO and nitrogen dioxide NOg with c^bon monoxide 
CO and carbon dioxide COg. Both the oxides pf caroon are thermo- 
d3mamically stable, there being a substantial decrease of free energy 
when they are synthesized from graphite and oxygen. On the 
contrary, neither nitric oxide nor nitrogen dioxide has any thermo- 
dynamic sanction to exist at ordinary temperatures: both should 
change spontaneously into nitrogen and oxygen Ng and Og. Thermo- 
dynamics, however, affords no information about reaction rates of 
the changes it predicts. We have in the two oxides of nitrogen an 
extreme example of sluggish rate of reaction, the sole reason for the 
practical stability of these oxides. j 

Tbe Equilibrium Constants Kp and Kc—Vfe have seen that for 
the reaction between gases 

B+C=D+E (I) 

the total free energy change is a rational measure of the affinity 

F (or G)=-RT log /?= -RT log 

pBpC 

No distinction need be made here between F and G, for —w=o, 
whether we effect the reaction at constant pressure or constant 
volume. The equilibrium constant K is usually written Kp, to 
indicate that it is formed from the partial pressures of the reactants 
and resultants. Subscripts are often used in thermodynamics to 
indicate that a certain variable has been kept constant; such, of 
course, is not the meaning of the subscript p in this case. For the 
reaction between gases 

B-fC=D (2) 

G— RnogK,— 

G and not F is the appropriate measure of the affinity. G is the free 
ener^ change that woidd be observed when ig.-moL of each of B 
and C react to give ig.-moh of D, all at x atm. pressure. 

Let us now express Pb. etc., in terms of molecular concentration, 
C», etc,, usin^ the relation ps^csRT, which holds for a perfect gas. 

We see that for reaction (l) Kp^Kc but for reaction (2) Kp= 
KJJ^ udiere X, is used for the geueral expression CdCe/CbCc- 
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If there had been a difference n of molecular species on the two^des 
of equation (2) we should have found Kpr=:Kc(RT)\ Now the 
validity of taking Kp as a true measure of af&nity follows upon our 
choice of the standard gaseous state (p. 229) as one at unit pressure, 
(atm.). Had we chosen as the standard state the condition 
C=i, i.e. I gm.-mol. per litre, then Kc would become our measure of 
affinity. Thus if we wish to adopt Kc to represent affinity, as for 
example in dealing with solutions, we must agree to take unit 
concentration as the standard state for solutes. When this condition 
is understood no confusion need arise in the use of Kp and K^ hut 
they must not be interchanged indiscriminately. 

The Kinetic Theory and the Isochore.— The kinetic theory of 
gases provides us with another valuable method of attack on the 
problems of chemical change. Two gas molecules can take part 
in a reaction, if we confine ourselves to homogeneous changes, 
only when they collide, and from our knowledge of the mean 
free path — ^i.e. the mean distance traversed by a gas molecule 
between collisions, as calculated from independent physical methods 
—we can calculate the number of such collisions per second in a 
gram-molecule of the gas under given conditions of temperature 
and pressure, and hence the maximum possible velocity of the 
reaction, on the supposition that all such collisions result in chemical 
change. For reactions taking place at a measurable speed this 
maximum rate is always greatly in excess of that actually found by 
experiment. There is another reason why the hj^thesis that all 
collisions are fruitful must be rejected. The temperature-coefficient 
of the rate of chemical change is usually high; an increase of ten 
degrees in the temperature usually causes an increase of a htmdred 
per cent or more in the reaction velocity. Now the temperature- 
coefficient of the number of collisions per second can be calculated 
without difficulty from the kinetic theory, and is very much less. 
We are therefore, for these two reasons, forced to conclude that 
only a small fraction of the total number of collisions that take 
place result in chemical change. At an early stage of the history 
of the subject the suggestion was made that only molecules whose 
combined toergy exceeded a certain fixed value would react 
together. TTie suggestion has been wholly successful and its 
consequences must be more closely examined. 

Consider a reversible gas reaction, bimolecular in both directions,, 
in which a quantity of heat qy is absorbed at constant volume, 
and denote by the total energy required by two gram-molecules 
before they can react in one direction, while is the energy required 
by two gram-molecules of the product for reaction. Then; 
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Now it can be shown by statistical study of the distribution of 
energy among gas moires (Chapter II, p. 94) that the fraction 
of the collisions in which the combined energy of the molecules 

exceeds Ej is ^—EilRT^ go ^ forward reaction is: 

constant X 

while the rate fe, of the back reaction is: 

A,=constant X e 

The equilibrium-constant k is the ratio of, the Velocities of the 
forward and back reactions (p. 112), so that K=^. 



Fig. jt. DisnuBimoN op Kinbtic Enbrcy among Gas Molbcuus 


Taldng logs in all these equations: 
logc A, »log* constant— ^ loge 


doge constant—^ 


logeitLaadogeA, 
. dlogE 


-logeAyssloge constant — 


RT 


:loge Constant- 


in 

RT 


qv_ 

~RT* 

It is trde 


a result already reached by thermod3mamic 


** dT 

reasonii^. It is trde that the constants used in this deduction 
rqpreii^ the number of collisions in unit time and are therefore 
not l^iependent of temperidure, as we have assumed thm to be, 
introduces only a small correction into the result, 
meaning of these equations will be clear from the diagram 
fTa), in which the kinetic energy is plotted against the nuihber 
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of molecules having that energy at a given instant: a somewhat 
sitnilar diagram appears in Chapter II (p. 94 ). The two curves 
represent two slightly different temperatures. It is found, as we 
should expect, that by far the larger number of molecules have 
energies in the neighbourhood of the mean energy: either very 
small or very large values are much less common. The total 
number of molecules is equal to the area enclosed by either of the 
curves and the energy axis, the number with a kinetic energy 
greater than some fixed value Ej is equal to the shaded area. It 
is clear that a small fractional increase in the temperature may 
lead to a large fractional increase in the number of molecules with 
kinetic energy in excess of Ej, and this is the reason for the high 
temperature-coefficient of reaction velocity. 

TCTiAr gy ol Activation. — ^The energy is called the energy of 
activation of the (forward) reaction. It can be calculated in two 
ways: 


(i) From the observed temperature-coefficient of the reaction 

, • j v X* ^ log 

velocity and the equation 


(ii) By calculating, with the help of the kinetic theory, the total 
number of collisions, and finding from the observed reaction 
velocity at some fixed temperature what fraction of these 
results in reaction. This fraction can then be put equal to 
e—Ei/lir^ and E^ foimd from this equation. Energies of 
activation calculated by these two methods are usually in 
good agreement. 


Explosive Reactions* — Reaction velocity may attain vety large 
values, and the reaction become explosive when the energy liberated 
as two molecules react is either greater than, or very nearly eqiml 
to, the energy of activation. The energy evolved in a fruitful 
collision is then sufficient to cause the reaction of neighbouring 
molecules, and a reaction chain is set up. If at any temperature 
both the heat of activation and the heat of reaction are large com- 
pared with the average energy of the molecules at that temperature, 
an explosive gas mixture is stable until reaction is begun by a ^>ark 
or a catalyst. Explosion then takes place. A mixture of oxyg^ 
^d hydrogen at room temperature is an example of such 
behaviour* , _ . . 

ol the Itoohore.— The isochore as we deduced it is 
practical^ in^nvenient and must be integrated. As a first 
•approximation we shall assume qy to be constant over the raii^ 
temperature considered. In many important gas reactions this 
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is approximately true over a wide range. Then, since 

dl Mtl * 

log iir=-^|^+constant. At the moment we have no means of 

the alleged linear 
an example the 
eaction of great 


evaluating the constant, but we can easily test 

relation between log K and We may take 

oxidation of sulphur dioxide with oxygen, a 
technical importance : 

2S02+02v^2S03. 

rsoil* 

The values of the equilibrium-constant in the fol- 

[SOa]^ [Og] 

lowing table are calculated from the experimental work of 
Bodenstein and Pohl: 


Temperature 

( Centigrade ) 

K . 

528 

980 

579 

190 

627 

307 

680 

10*5 

727 

3*46 

789 

0-92 

83* 

0*46 

897 

013 


The temperature is then converted to degrees absolute, and 


I 

T 


is plotted against logio K (Fig. 73). Though over this range the 
equilibrium-constant varies nearly ten-thousandfold, the isochore 
is satisfactorily obeyed. The importance of such a relation to 
the study of chemical equilibrium can scarcely be overestimated. 


Since the equation log 




-qv 

RT 


-f-constant (in which it is assumed 


that qv does not vary with temperature) contains only two un- 
knowns, namely qv and the'^constant, only two experimental 
determinations of the equilibrium-constant at different tempera- 
tures are required to deduce the relation between K and T, If 
three determinations are made and it is found that over this range 

the isochore is obeyed (l.e, that the plot of log K against j; is a 


straight line) it is legitimate to interpolate between these tern- 
ipmtmes, hut figures obtained by extrapolation beyond the 
experimental restuts axe here^ as always, to be regarded with 
suXpieiDiL 
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An interesting application of the isochore is to the dissociation 
of water: 

H*OeiH-+OH'. 


As we have already seen, the heat evolved on the combination of 
a gram-ion of hydrogen with a gram-ion of hydroxyl is simply the 
heat of neutralization of strong acids and bases, a quantity which 



can be measured without difficulty, and is equal to 13,700 calories 
(Chapter VI, p. 194). The relation between the temperature and 
the ionic product of water, Kv/, should therefore be: 

log Aw _ + 13.7 00 
dT ~ RT* ■ 

When Kohlrausch and Heydweiller measured the d«:trical 
conductivity of pure wat«- in 1894 Arrhenius pointed out that 
it drould m possible to calculate the temperature-coefficient of 
the coQducti^dty (from which Xw can be directly calculated) with 
the hdp of - tbia equation, and his prediction was brilliantly fulfilled. 
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The foUowii^ table is from his book on Ela^ochemisiry, based on 
lectures delivered in 1897: 


Temper aiure 
(Centigrade) 

+ 4" 

lo* 

18® 

26® 

34* 

42** 

50" 


Sp. cond. (obs,) 
i*o7X io“* 
I*62XI0““« 
2*38 X lo”* 
3*86 xio-"* 
6*o6 X io~* 
8*90 X lo”"* 
12*94 X lo"*" 
18*07 X io“® 


Sp. cond. (calc.) 
i*|)3X io“‘ 
I'kSx IO-* 
2*36 X io~* 
3*86xio"» 
6*01 X io“« 

9*oix lo"* 
i3*05\< io~® 
i 8*39X lo-* 


The implication of these results is unaltered if for H* we substitute 
the actual ion H3O*. 

The isochore is not restricted to purely chemical reactions, but 
can equally well be applied to such physical problems as the varia- 
tion of vapour pressure with temperature. It is also a convenient 
method of calculating the heat of solution from the temperature- 
coefficient of the solubility. The following example, due to van*t 
Hoff, will make this clear, viz. from the solubility of succinic acid 
in water at two different temperatures to calculate its heat of 
solution. In this calculation, which is the reverse of those we 


have just illustrated, we write log if = 


RT 


+ constant, or, at 


temperatures and Tj, log iiCj— log 

case K represents the solubility, which is 28-8 gm. per litre at 0® C., 
and 42*2 gm. per litre at 8*5® C. This makes the heat of solution 
6,900 calories, while the experimental value is 6,700 calories. In 
the same way the heat of dissociation of a weak electrolyte can 
be calculated from the temperature-coefficient of its dissociation- 
constant as measured by the electrical conductivity of its solutions. 
The dissociation of a weak acid is to be represented by the equation 
HA+HjOasA^+HjO', and ]s usually an exothemaic process. 
The hsrpotheticd change {in vacuo) HA=H’-f A' would, of course, 
be endothennic. Consequently the dissociation-constants of such 
substances usually diminish with rising temperature. The electrical 
conductivity usually increases with temperature on account of the 
increased mobility of the ions, which is more than enough to over- 
come the decrease in the dissociation; but some weak dectrolytes 
phosphoric add) show a maximum in conductivity with respect 
to temperature, a fad which was predicted by Arrhenius, 

. jjSifdDfaotf^s BQUEticm and tee Hemst Heat Ibemrem.— With the 
^isocbore we can investigate tee teange m the equilibriuin with 
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temperature, but it tells us nothing of the magnitude of the 
equilibrium-constant at any given temperature, and we shall now 
briefly discuss the methods by which this problem has been attacked. 
We must first develop Kirchhoff*s equation, a simple relation 
connecting the temperature-coefficient of the heat of reaction with 
the specific heats of the substances participating. Let the reaction 
be carried out at constant volume at temperature T, with absorp- 
tion of a quantity of heat qy. Let the products, whose thermal 
capacity at constant volume is be heated to a temperature 
T +dT, for which a quantity of heat Sc^dT is required, and at this 
infinitesimally higher temperature let the reaction be reversed, 
the heat given out being qy+dq. Now let the original reactants, 
of thermal capacity Ec^, be cooled to T, giving out a quantity of 
heat EcidT; the system is now at its original condition. Hence: 

qy^Ec2dT=^qy{‘dq~\-EcidT , or — Eci» 


This is Kirchhoff’s equation. Now it is found that the specific 
heats of all substances can be expressed in a series of rising powers 
of the temperature, and since from Kirchhoff's equation: 

dqy = (Ec^ — r, 

it follows that qy can also be expressed in rising powers ol the 
temperature, thus: 

?F=?o+ar+/sr*+yr«+ . . . 

For changes at constant volume carried out without the performance 
of external work we may substitute U for qy so that: 

C 7 =C 7 o+ar+isr«-fyr«+ . . . 

Now from the Gibbs-Helmholtz equation (p. 231), 

d(FlT)_-U_^U, a 
dT T* T* jr p • • • 

Integrating, F—U„+aT —oT Ic^ T — /JJ®— -T*— where a is 

an integration-constant. 

Then; ^=a+2/5r-J-3yr»+ . . . 

and — a — a log r — 2/Sr — |yT^— 

Tig. 74 shows the type of curve which these relations give. We 
hnow fr<Hn the Gibbs-Hehnholtz equation that at the abstdute 
zero F and. u must be equaL Nesnst was ted by consuterations 
into, wtddh we cannot enter here to suppose that the true fom 
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the curves was as shown in Fig. 75 , which in £7 and F coincide not 
merely at, but also for some distance above, the absolute zero. 
If this is so, at the limit when T=o; 

dU ,dF 
dT 

This is the Nernst Heat Theorem. 

Applying this relation to the differentiad Equations already 
obtained, we find that a=a=o, and ' 

dU 

|j=2^r+3y7-*+ . 

whUe - 2 j 8 r- 

or C;=t7,-|.j8r*+yTH 


and F=Uo-^T 

2 

The great importance of these two equations is that they allow the 
calculation of F and U in terms of purely thermal quantities, viz. 
the coefficients P, y . . . which can be estimated from measure- 
ments of specific heat. The primary object of physical chemistry 



O^Abs. — • TeiDpcratui:^ O^'Abs. — ► Temperature 

Figs. 74 & 75, The Affinity and the Heat of Reaction at 
Low Temperature 

is the correlation of chemical properties witli the physical forces 
that are the cause of chemical combination, and when this has 
been accomplished it will no longer be necessary, as it is necessary 
now, to populate the existence of diemical forces of any kind. 
Since there'is every prospect of our being able to trace the exact 
coii!ifcti<m between the spe<^ heat of a substance and the struc- 
ture its molecule and the internal structure of the atoms which it 
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contains, any exact relation between the specific heats of substances 
and the afiMty between them is of high importance. 

ApplioatioQS (tf the Nemst Heat Theoreni. — Since its introduction 
in 1906 the Nemst heat theorem has been constantly applied to the 
most diverse forms of chemical equilibrium, usually with great 
success. Though not directly applicable to gases (for these cannot 
exist at absolute zero) the law can be developed so as to mclude 
them as well. Since most of the applications require somewhat 
complicated reasoning, we shall examine a single instance, the calcu- 
lation of the transition-temperature between rhombic and monoclinic 
sulphur, the experimental work being due chiefly to BrOnsted. 

It is found that the specific heats of rhombic and monoclinic 
sulphur can be expressed with considerable accuracy over the 
required range by expressions containing only the first power of 
the temperature. The difference between the specific heats is 
1-15 X io-®r. This corresponds with the term jST* in the series for 
17 and F, so that U=Ut+i-iS X io-®P and F= Cf#— I'I5 x lo-*!*. 
By determinations of the heat involved in the change of i gm. 
of sulphur (the specific heats having been calculated on this 
basis) we find that C7=i*57-t-i‘i5Xio-®r*, and consequently 
F=i- 57— i’i5XiO“®r*. Th® ®ost direct check on the last ex- 
pression is to calculate the temperature at which the afi&nity F is 
equal to zero, since this must be the transition temperature, at which 
the system has no tendency to change in either direction. This 

/ 1*57 

temperature should equal V Abs.=96*5° C.; 

experiment gives 95.4® C., a difference of only i-i Centigrade 
degree. The important point about this calculation is that all 
the data employed are purely thermal. 
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CHAPTER Vm 


ELECTROCHEMISTRY AND PHOTOCHEMISTRY 


Electrochemistry . The Daniell cell— The potentiometer— Standard cells— 
Standard eleqtrodes — The electrode potential — The activity Coefficient- 
Standard electrode potentials — The effect of ionic transport on E.M.F.— 
Determination of transport numbers — The liquid function potential- 
E.M.F. and chemical affinity— Calculations of equiflibnum-constants— 
Oxidation-reduction potentials — ^Allotropy — Solubility of slightly soluble 
salts — Complex ions — Hydrogen ion concentration — Determination of 
valency — Summary of applications — Electrical methods in analysis; 
electrometric titration, conductivity titration, gravimetnc analysis— 
Technical applications: refining, preparations, plating, accumulators— 
Reactions in the electric discharge. 

Photochemistry Chemical processes which emit light — Effect of light on 
chemical change— Decomposition of hydrogen bromide — Law of the 
photochemical equivalent — Experimental tests — Combynation of hydrogen 
and chlorine — Photography ^ 


In the first part of this chapter we shall briefly consider: 

(i) The contribution of electrochemistry to general chemical 
theory. 

(ii) Electrochemical methods of investigating chemical systems 
and in analyas. 

(iiil Applied electrochemistry. 

Ibe Oankdl OelL— The Daniell cell is familiar to all students of 
physics. It consists of a zinc rod dipping in a solution of zinc 
suljrfiate, which is separated by a porous partition from a copper 
plate surrounded by a solution of copper sulphate; the object of 
the partition is to reduce the mixing of the solutions. No per- 
ceptible chemical action takes place until the zinc and copper 
electro^ are coimected outside the cell; a current then circulates, 
afid it is found that zinc dissolves from the zinc rod while copper 
is deposited on the copper plate. 

The passage of a current through a metal consists of a flow of 
elections, or particles of negative electricity, in the contrary direc- 
tion to that in which the current is said to flow— i.e. the electrons 
go frren ' native ' to ‘ poative and the power of supplying 
nuhite electtQns and Ireoce creiducting an electric current is one of 
the diaractoistics of a metal. Our study of Fakaday’s laws of 
deetidy^v(Q)apter IV, p. 142} leaves os in no doubt as to the 
t^ take place at the dtectrodes. Vihm a rapiic ion is 
dj^poi^ted oh the copper plate as an ntom of copper it takes two 
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electrons from the plate, and when a zinc atom leaves the zinc 
rod to become a zinc ion it leaves two electrons behind it: 

Zn-^Zn -t-2 electrons amd Cu"’+2 electrons— *00. 


A flow of electrons from the zinc to the copper outside the cell is 
therefore necessary in order to prevent an excess of electrons in 



Porous 

partition 


r Zinc r ^ er-t 

m SuLph^ 

solution: Solution" 



Fig. 76. The Daniell Cell (Diagrammatic) 

the zinc rod and a deficit in the copper plate. This flow con- 
stitutes the current. The production of a current in the cell 
therefore depends on the fact that the tendency of a zinc atom to 
become a zinc ion is greater than the tendency of a copper atom to 
become a copper ion. A complete external circuit must be in 
existence before these changes can take place to any perceptible 
extent, otherwise the loss of a minute quantity of zinc from the 
zinc rod leaves an accumulated negative charge behind it which 
makes it impossible for any more positively-charged zinc ions to 
enter the solution. A similar process takes place at the other 
electrode. 



Fig. 77. The Potentiometer 


^ Botcatiomete.— The energy relations of such a cell can be 
^f^iflled udth advantage only if the process is made to take place 
and with tte performance of the maximum amount of 
*^ctrical Wk. Tlje process is therefore opposed, until it has 
an soferitMiimd tendency to take place. Tliis is the laindpl? 
3 f the pot«ati(»Deter, an instrument for measuring dectrombtive 
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force. In the diagrams C, is the cell whose electromotive force is 
to be determined, Q a source of constant electromotive force, 
and AB a wire resistance. The position of the sliding contact 6 
is varied until the tendency of C 2 to produce a current flowing in 
one direction is exactly balanced by a current in the opposite 
direction imposed on it by Cj. At this point no current passes 
through the galvanometer G. A cell of acculrately known electro- 
motive force is then substituted for Cg and the experiment repeated; 
the ratio of the E.M.F.s is then equal to the ratio of the two resist- 
ances AO. To avoid calibrating the whple length of the wire AB 
it is usual to concentrate nearly all the resistsmce between A and 
B in two accurately known resistances Rj and Rg, leaving the 
intermediate wire for the final adjustment. 

Standard Cells. — It is found that the E.M.F. developed by a cell 
depends not only on the nature of the solutions but also on their 
concentration. Consequently in standard cells — ^i.e. cells of con- 



stant and known E.M.F.— 
it is necessary to employ 
solutions! of absolutely con- 
stant concentration, and 
this is most easily achieved 
by using slightly soluble or 
insoluble salts, whose solu- 
bility may if necessary be 
depressed by a fixed con- 
centration of another salt 
with a common ion. The 
temperature - coefficient of 
the E.M.F. should also be 
as small as possible, for 
obvious reasons, and the 
materials must be such as 
are easily obtained pure. 
It is also essential that the 
passage of a current should 
not produce new substances 
— such as gas — at the elec- 
trodes, since this would alter 
the electromotive force. 


Sudi a disturbance is called polarization, and a standard cell that 
b^&ame polarized would be useless. Mercury electrodes are also 
dpiraWe, because injury surfaces, being liquid, are constantly 
it is found that the E.M.F. of cells is affected by 
Ay mechanical strains at the electrodes and is also slightly 
Iwend^ on the nature of the metal surface. 
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The diagram shows the Weston cell, in which all these condi- 
tions are observed. One electrode is pure mercury, while the other 
consists of mercury containing 12 per cent of cadmium (slight 
variations in this percmtage are without effect). The intervening 
solution is saturated with both cadmium and mercurous sulphates, 
and is in contact with crystals of these substances (CdSO^.S/sH^O 
and HggSOJ, the former being in contact with both electrodes, the 
latter with the mercury electrode only. The E.M.F., which has a 
small but not negligible temperature-coefficient, has a value at 20® 
of 1-0183 volts. If not kept in a thermostat, the cell should be 
wrapped in cotton-wool in a box. 

When the circuit is closed, cadmium atoms leave the amalgam 
to become cadmium ions, and mercurous ions leave the solution to 
become mercury atoms at the mer- 
cury electrode. These processes 
would alter the concentration of the 
solution and hence alter the E.M.F. 
were it not for the fact that the 
solution remains saturated with 
both sulphates owing to the presence 
of the solid. Nevertheless standard 
cells should never be allowed to 
supply current for more than a few 
moments at a time because the 
process of solution is a slow one. 

Standard Electrod6s.~The E.M.F. 
produced by a standard cell is 
the result of two processes, one 
at each electrode, and in order to 
investigate them separately 
a standard electrode or half-cell is 
required. The calomel electrode, the most commonly used of these, 
is shown in the diagram. In the ‘ normal ' electrode a normal 
solution of potassium chloride is used, in the ‘ saturated ' electrode 
the solution is saturated with both calomel (mercurous chloride, 
HgaClj) and potassium chloride. When the electrode is in use, the 
tap A is closed and the tap B is open. At other times B is closed to 
prevent diffusion along the side-tube, which dips into the same 
bridge * solution as the side-tube of the other electrode.^ Two 
electrodes are required before any measurements can be made. If 
we wish to compare the E.M.F.S of two electrodes, we couple them 
in turn wiHi the same standard electrode and take the dffiference 
betwe^ tto E,M.F.s of the cell in the two experiments to be the 
difierenoe between the E.M.F.S of the two electrodes we are in- 
vestigating. An arbitrary value of zero is therefore assigned to the 



Fig. 79. Normal Calomel 
Electrode 
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potential of one electrode and all other values are expressed on this 
scale. The standard hydrogen electrode is that usually selected, and 

this we must now shortly describe, 



•Platinum 

cylinder 

Standard 

Solution 


for in addition to its use as a 
To jr id^e standard it/ is of great theoretical 

S^tion ^ . 

The hydrogen electrode is 
Hydrogen usually a complicated instrument ; 
outlet the diagram\shows a simple type. 

Hydrogen at standard pressure 
bubbles up tnrough an acid solu- 
tion of standard concentration in 
which a cylinder of platinum foil 
is partially immersed. Electrical 
•Platinum connection is made with this cylin- 
{^lin.der and a siphon tube filled with 

the acid solution leads to the bridge 
Standard solution in which dips the side-tube 
[ of the other elejitrode, whatever it 
solution niay be. Hydrogen dissolves in 
the platinum, the solution be- 
having as though it were a 
Fig. 8o. The Normal Hydrogen metallic alloy, and the chemical 
Electrode change which takes place in this 

electrode is H.^?=i2H’-f-2 electrons. 
The Eleotcode FotentiaL — ^With the help of these standard elec- 
trodes it is possible to find out how the electromotive force of a 
metal dipping in a solution of one of its salts varies with the nature 
of the met^ and the 

concentration of the Piwnife 

sol^tion. We shall firat C \ 

discuss the theory of the f parmion ) 

variation with concen- * ^ 

tration, which was first r — m { 

worked out by Nernst. r f5*ir^*-z3 

The relation can be 

most simply derived •diiution\^: diliition\^ 

from a consideration of _ 

what is called a con- 

centatian ccB. This iar A Concentration Cell 

dN^s two electrodes of 

tlto same metal difmiiig in solutions of the same salt of this metal at 
ihiermt dilutions Vi and or concentrations and where 

ahd If the potential difference of a metal towards 


Porous 

partition 


•dUution\(: d^tionlj 
Fig. 8x. A Concentration Cell 
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solutions of its salts depends on their concentration, such a com* 
bination must have an electromotive force, and this is borne out by 
experiment. To reduce our argument to its simplest terms we shaU 
first suppose that the sole reactions accompanying current flow are 
the production of cation on the side of lower concentration, and the 
deposition of an equal amount of cation on the side of higher 
concentration. In order to take into account the known divergence 
of ionic species from ideal behaviour as solutes we shall be obliged 
to replace the concentration C of cation by the quantity 2, called 
the activity. The fundamental meaning of activity is that an ion 
at concentration C behaves identically like an ided solute at con- 
centration a (see dso p. I57)* Let the valency of the cation be «, 
and let the potentials of the electrodes with respect to the solutions 
be El and E^. Then if a gram-atom of the metal is dissolved off one 
electrode and deposited on the other, a charge of nF coulombs has 
passed round the circuit (F=96,490, or the number of coulombs 
in a faraday), and the electricd work done has been «F(Ei— 
since E^^E^ is the potential difference between the electrodes, 
assuming (and this is only true as a first approximation) that there 
is no potential difference at the porous partition where the solutions 
meet. Simultaneously one gram-ion of the metal has been added 
to the solution of lower concentration, and an equal amoimt removed 
(by electrode deposition) from the solution of higher concentration. 
The loss F of free energy involved is that of the transference of 
one gram-ion from the higher concentration (activity Oj) to the 
lower concentration (activity namely RT log ajoi (see p. 229). 
As these changes may be conducted isothermally and reversibly 
we have 

(seep. 229). 

or nF(E, --E^^RT log Oj/a, 

RT 

or £,=£,+^logai/«,. 

Now we shall define the standard electrode potential of a metsd 
as its potential towards a solution with its ions at unit activity, 

RT 

and denote it by Therefore, when a..=i, £i=£o+-jj^ log ‘H- 

is the relation between the electrode potential of a metal and 
the activity of its ions, Tlie value of E,, however, and consequently 
of £,, cw be calculated only in terms of the potential t/i some 
standard ^bctrode. 

a C 

^^y Vfh&n the ionic concentration is small may we write 

a% Of 

^d the tonnuk H then in agreement with experiment. It can ba 
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seen from the formula that the change in potential caused by, say, 
a tenfold reduction in the ionic activity is the same for all metals 
of the same valency. For univalent metals at 25® it is equal to: 


In this calculation 1*99 is the value of R in calories, (273+25) is 
the absolute temperature. 4*18 is the number\of joules in a calorie, 
and 96,490 is the number of coulombs in a faraday. 

We have now to consider whether in practice we can limit the 
cell reactions in the way we have assumed. Onje simple device may 
be illustrated by an example. Suppose the electrodes are of silver, 
and the dissolved salt is silver nitrate. If now potassium nitrate 
greatly in excess of the silver salt is dissolved to give equal con- 
centrations on the two sides of the cell, the current through the 
cell will be borne almost wholly by this salt ; further, the movements 
of anion needed to balance the changes in the silver cation are 
accomplished with negligible change of free energy. Another 
advantage secured by the presence of the * carriler * salt is that the 
potential at the liquid junction is reduced to a negligible quantity 
(see p. 256). In a cell so prepared we may set ai/a^=Ci/C*, and we 
find the formula derived above is well confirmed by experiment. 

The Activity Ctoeffldent— The ideal molecular free energy of a 
solute which is not an electrolyte is F'—RJ log C, where C is the 


molecular concentration. This expression holds fairly exactly up 
to about C=i for most non-electrolytes. Ionic species, however, 
diverge from ideal behaviour even at low concentrations, and it is 
necessary to write and being called the activity 

co^cient, and a the activity. For a strong (completely dissociated) 
electrolyte, yielding two ions of equal charges, the total molecular 
free energy F' is F^'+F.'=jRr log In practice it is usually 

not possible to distinguish the separate activities of the cation and 
anion. The mean activity of the ions a is defined by the equation 


Hence F*^ 2 RT Ic^ a. If each ion behaved independently and 
ideally the free energy of the electrolyte (concentration C) would be 
F'sssaUr log C. IThe ratio a/C=/ is termed the activity coefficient 
of the electrolyte, or, more significantly, its thermodynamic degree oj 
dmodalion. The standard state for ionic species is thus and 
not as for non-electrolytes. 

J the physical and chemical bdiaviour of electrolytes, as of non- 
piy^es^ is ultimately determined by the free energy, the 
^e^ent of the activity coefficient is of fundamental importance. 
uoA direct method, of which we give only an outline, is from 
MS. ^f suitabte <rils. Consid^ a cell formed from a hvdrogen 
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electrode (with gas at i ato. pressure) and an electrode of 
silver coated with silver chloride, both electrodes dipping into the 
same solution of hydrochloric acid, of concentration C. In this 
cell the silver is the positive pole. If the E.M.F. is £, and one 
faraday of electricity has flowed, the electrical work gained is EF, 
and the following chemical change has occurred in the cell: 

^H2(i atm.) + AgCl(s) =HCl(dissolved) + Ag(deposited). 

The loss of hydrogen gas, of silver chloride, and the deposition of 
silver will occasion the same change of free energy, whatever the 
concentration of the acid in the cell. If the mean activity of the 
ions of hydrochloric acid at concentration C is a, its production 
causes a gain 2RT log a of free energy. Hence the total diminution 
of free energy F is given by 

F=constant— 2Rr log a. 

Hence EF=constant~-2JRr log a. Putting in the value of RTjF 
for 25° C. we find 

Constant --E=o-ii6 log a. 

If 0‘ii6 log C is subtracted from each side we have 

Constant -~(£+o*ii6 log C)=o-ii6 log/. 

Now as C decreases to zero,/ approaches unity, and log / approaches 
zero. Hence if the observed values of the quantity (E+o*ii6 log C) 
are plotted against C, or more conveniently, against y^C, extra- 
polation to C==o gives the value of the constant, and then log / and 
hence /can be determined for any value of the acid concentration C. 


Concert ^ 

tration 

/ 

a 

Concen - 

tration 

/ 

a 

0*001 

0-965 

0*000965 

1*0 

0*810 

o*8io 

0*01 

0*904 

0*00904 

1*5 

0'954 

1*431 

0*10 

0*796 

0*0796 

2*0 

1*019 

2*039 

0*50 

0*757 

0-378 

3*0 

1*320 

3.960 


Activity and Activity Coefficient of Hydrochloric Acid 

Activity coefficients for a range of concentrations of a large number 
of electrolytes have been determined and tabulated. They all 
show similar behaviour in falling to a minimum and then rising to 
values above unity, as in the example of hydrochloric acid above. 
The above data show that the mean activity of the ions is unity 
when the concentration of the acid is I'ISN. The standard hydrogen 
electrode should therefore contain acid of this concentration 
Staadnid Electrode — By coupling an electrode in which 

known with a standard electrode, such as the stan<^d hydrogen, 
whose potential we arbitrarily set at zero, and measuring the E.M.F, 
of the cpniianation, we can calculate Eq for the metal in question 
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from the known value of and the observed value of Since 

RT 

the term — « log ai vanishes when is equal to unity, is the 

potential of the metal with respect to a solution of its ions of unit 
activity. The following table shows some of the values on the 
hydrogen scale. On the convention we have adopted, a negative 
potential indicates a greater tendency than nydrogen has to pass 
into solution in the ionic form; but the contrary convention is 
sometimes preferred. ' 


Metal 

Ion 

Potential 

[volts), 

25° C. 

MeUd 


Potential 

[volts), 

25° c. 

Li 

U 

—3-02 

Cd 

Cd" 

—0-40 

Rb 

Rb‘ 

—2*92 

Co 

Co" 

—0*28 

K 

K‘ 

—2-92 

Ni 

Ni" 

—0*23 

Ca 

Ca" 

— 2-87 

Sn 

Sn" 

—0*14 

Na 

Na' 

—271 

Pb 

Pbl' 

~0*I2 

Mg 

Mg" 

-2*34 

H 

H' 

0*00 

Al 

Al" 

.-I-66 

Cu 

Cu" 

+0*34 

Mn 

Mn" 

— i*o8 

Hg 

Hg," 

-f-0’8o 

Zn 

Zn" 

—076 

Ag 

Ag 

+o-8o 

Fe 

Fe" 

-0-44 

An 

Au'" 

+1*36 


This is the well-known electrochemical series of the metals; we 
shall consider some of the chemical consequences of these values 
later in the chapter. Electrodes can also be made from elements 
such as oxygen or the halogens, which yield negative ions, but 
es^perimentd dififtculties have first to be overcome, and an oxygen 
electrode constructed in the same way as a hydrogen electrode 
does not give satisfactory readings, probably because an oxide of 
platinum is produced. There is no evidence for the existence in 
water of oxygen ions, O*'; if any are formed they immediately 
combine with water: 0''4"H20-^20H'. The results of such 
measurements are as follows on the standard hydrogen scale: 


Element 

Ion 

Potential {volts), 

25“ c. 

F 2 (i atm.) 

F' 

+2-85 

CI 2 (1 atm.) 

cr 

+1-358 

Br.a), 

Br' 

+1-065 

1,(8) 

r 

+ 0-535 

0,(1 atm.) 

OH' 

+0-400 
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Tto 1 ^. 0l Ionic Tra^ on E.M.P.-We may now consider 
the effect of i^c tr^sport upon the E.M.F. of a concentration cS 
i.e. the effect omttmg the earner ’ salt mentioned in a preceding 
pai^aph. In Chapter IV we found that when one gram-LmSl 
metal ^olv^ off the anode and one gram-atom w!s deposited on 
the cathode, there took place at the same time a movement of the 
10ns throi^h the solution. Did no such movement take place 
the resdt of the passage of the current would be to add one cam- 
ion to the anode compartment and remove one gram-ion from the 
cathode conyartment; but on accoimt of the movement of the 
10ns the anode compartment gains only T. gram-ions of the cation 
where r<, is the transport number of the anion, and the cathode 
compartment loses only gram-ions of the cation. The same 
considerations apply to the anion, so that the total transference of 
electrolyte from one solution to the other, when one gram-atom of 
the metal is dissolved from the anode and deposited on the cathode 
is not one gram-molecule but 2T„ gram-molecules. The value of E^ 

(p. 251) is therefore not ^2+^. log J but ^i+ 2 T„.~.log^. 

. Dotonnination of Transport Numborg.-Consider two cells used 
m senes, thus: 

Calomel electrode-hydrogen electrode working in HCl cone. Q 
connected to 

Hydrogen electrode-calomel electrode working in HCl cone. C, 



Calomel Bridge I^rogen Hydrogen Bridge Calonud 

Electrode Solution Electaxle Electiode Solution Eleetiode 

fio. 8a, Double Cell for Determination of Transport Numbers 

h^jnirQgen dectrodes are electrically connected, and n dym 
^ passes round the circuit, one gram-mcdecuie 

E moved from one solution to the othac. The 

aJRT ’ ™ ^ ownbination can without difficulty be seen to be 

iNow the E.M.F. of an ordinary hydrochloric 
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concentration cell, consisting of two hydrogen electrodes in hydro- 
chloric acid of concentration C^ and Cg, has been shown above to be 
2Z* jRT* 

— ~ — .log—, where is the transport number of the chloride ion. 

r Ua 


E.M.jF. of simple cell 


The 


The value of T- is therefore equal to 

® ^ E.M.F. of double cell 

value of the transport number of the hydro^n ion in this solution 
can be obtained by subtracting T4 from i, or by experiments with 
concentration cells of similar type but slightly difeerent constitution. 
This is the most accurate method available fqr the determination 
of transport numbers, and the results are in excellent agreement 
with those of the Hittorf and moving-boundary methods, but 
suitable cells cannot always be found for the experiments. 

The Liquid Junction Potential.^ — ^A simple kinetic explanation can 
be given of the origin of the potentid difference between two 
solutions of the same electrolyte at different concentrations. The 
electrolyte tends to travel from the more concentrated to the more 
dilute solution, but if the mobilities of the ions are different the 
more rapid ion (whether cation or anion) will tend to leave the slower 
ion behind. Since they are oppositely charged, this causes a 
potential difference which quickly reaches an equilibrium value. 
This potential difference will not exist for electrolytes whose ions 
have almost equal transport numbers, e.g. potassium chloride. 

E.M.F. and Chemical AlEBnity. — ^Having made some examination 
of these systems from the electrical point of view, we may develop 
the relation between the E.M.F. of a cell and the chemical af&nity 
of the reaction taking place in it. We have already pointed out 
that when the E.M.F. of a reversible cell is measured with a poten- 
tiometer the process is carried out with the production of the 
maximum work. Electrical work is measured in joules or volt- 
coulombs, and is easily calculated in these units by multiplying 
the number of coulombs that have traversed the circuit by the 
E.M.F. in volts. In electrochemical calculations the faraday is 
more often used than thq,, coulomb; it is the charge required to 
deposit a gram-ion of a imivalent metal from its solutions and (as 
mentioned above) is equal to 96,490 coulombs. The electrical 
work required is then 96490 E, or FE, as it is generally written. 
If the metal is »-valent the work required per gram-atom is nFE. 
The numerical result will be in joules. To convert it to calories 
we must divide by 4*18, since 1 calorie=4-i8 joules. 

It was at one time supposed that the electrical energy which 
could beobtained from a if converted to calories, would exactly 
equal the heat liberated in the cell reaction when this was allowed 
^to take fdbce fredy in a calorimeter. That this idea is erroneous 
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can be shown from the fact that endothermic reactions can be 
made to Kberate electrical energy. This view should be compared 
with the very similar and equally false opinion that the affinity 
of a reaction could be exactly measured by the heat which it 
evolved. The electrical theory appeared, however, to be strongly 
support^ by measurements on the Daniell cell. The E.M.F. of 
this cell is I'lo volts, so the electrical work obtained from the reaction 

Zn “f~ CuSO ^ — Cu “j“ ZnSO 
or, as we should now write it: 


Zn+Cu*‘-^Cu+Zn’', 

IS 13 ° =50,800 calories. Now the evolution of heat 

4*io 

when this reaction is carried out in a calorimeter is 50,100 calories, 
so the two values are in fair agreement. 


Once it is understood that the free energy change is a measure 
of the afiinity of the reaction it becomes obvious that this agreement 
is fortuitous. From the Gibbs-Helmholtz equation (Chapter VII, 

p. 235) it is known that G^H=sT( J , where G is the affinity and 

H the heat absorbed when the reaction takes place freely at constant 
pressure. Now G=^—nFE and where is the heat 

liberated in a calorimeter. So that: 


or q„=nF(E-T^^ 

If this equation is to be correct for the Daniell cell, in which q^ is 

dF 

very nearly equal to nFE, the term must be very small, and 

the E.M.F. must have an exceedingly small temperature-coefficient. 
Experiments on the Daniell cell show this prediction to be corr^t. 
Since the temperature-coefficient of E.M.F. of most ceUs is fairly 
small, G is often nearly equal to the heat developed in the chemic^ 
reaction., A reversible cell is therefore a highly efficient machine 
for turning chemical energy into work. If the ener^ derived 
from the reaction C+02->C02 by burning coal in boilers could 
be converted into electricity in a suitable cell, the efficiency of the 
process could be trebled; but unfortunately no such cell is known 
^^311 efforts to construct one have failed. 

— From E.M.F. measure* 
uients we can calculate the affinity of a reaction, hence the 
con^ntrations at which the affinity is equal to zero — ^that is, the 
^uihbrium concentrations — and consequently the equilffiriti^ 
< 5 onstanti Our first iOustration of the process be the calcuhition 
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6f the ionic product of water from measurements of E.M.F. If 
hydrogen electrodes in molar hydrochloric acid and molar 
caustic soda are connected to form a cell, and a correction is applied 
for the potential difference at the liquid junction, the E.M.F. is 
found to be o*8i volt at i8® C. The electrfcal work of the cell is 

therefore ^ calories= 18,690 calories. Now the cell 

4-18 ^ T 

reaction is simply the combination of hydrogen and hydroxyl ions 
to form water: H'+OH'^^HgO, and from our experimental data 
we shall be able to calculate the equilibrium-constant of this 
reaction, which is usually written in the form (H‘] [OH']=iiCw. 
The connection between the afiftnity of this reaction and its equi- 
librium-constant is given by 


G=~jRriog 


i^w 

[H, 0 ] 


The extent of the dissociation of water is so small that, when it has 
occurred, the water has not changed appreciably from its standard 
state. Hence: ‘ 

G= — RT loge Kyfm 


a result in excellent agreement with other methods. 

The table of standard electrode potentials on p. 254 can now be 
put to good use. It is immediately obvious from the table which 
metal displace another from a molar solution of its ions. These 
processes, however, are never complete (though they are often so 
nearly complete as to evade chemical tests), thus the equilibrium 
concentrations can only be calculated from a study of the affinity. 
The copper-zinc equilibrium, Cu”-j-ZnT=^Zn’*+Cu, may be examined 
in this way. It is the reaction which takes place in a Daniell cell, 

and the equilibrium-constant is Now the E.M.F. of 

a Daniell cell when the copper sulphate and zinc sulphate are in 
approximately equimolecular concentrations is i*io volts (i.e* 

0-34+0-76, see table), so the electrical work is 

calories»50,8oo calories. Adopting our previous notation: 

-^50,800=5*- JIT log 

P It will readily be understood that for all 

[Cu 3 

practicd purposes — such as those of analysis— copper is ' com- 
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pletely' precipitated from its solutions by zinc. It is equally 
obvious from consideration of the smaller table of electrode 
potentials for anions that chlorine will displace bromine and iodine 
from their salts. 

Ozidation^redaction Potentials. — ^The theoretical treatment may 
now be extended to metals whose ions have more than one valency. 
Such elements are capable of acting as oxidizing or reducing agents, 
since the terms oxidation or reduction when applied to ions simply 
mean the removal or addition of electrons. Thus when a ferric 
ion takes up an electron it becomes a ferrous ion, and when a 
stannic ion takes up two electrons it becomes a stannous ion: 

Fe*‘*+electron->Fe’* and Sn“*’+2 electrons~>Sn*‘. 

Consider an iron electrode in equiUbrium with a solution containing 
both ferrous and ferric ions. Three changes are possible: 

(i) Fe->Fe" 4*2 electrons, (ii) Fe->Fe’*’ +3 electrons. 

(iii) Fe"‘+electron->Fe”. 

At equilibrium the tendencies of these changes to take place must 
all be equal (or zero; the two statements are indistinguishable), 
and can be expressed as potentials: in terms of some standard 
electrode potential call them E, E\ and E". Now 

• ■E=-^o+^.log [Fe-] 


and £'=£o'+^.log [Fe"]. 

Multiply the first equation by 2 and the second by 3 and subtract, 
then 3£'_2£=3£^'_2£,+:^.log^z^l Since E=E'=E’, we 

have that E'=constant+~.log^r;y=say Eo'+^dog^r^. 

The value of is called the standard^)xidation-reduction potential 
of the system Fe'"4-electronT^Fe". When the difference between 
the charges of the ions is n, the expression takes the form: 


£'= =E„ 


fiF 




% the use of suitatde cells these equilibria can be inv^igated. 
t^nsidCT, for example, a standard hydrogen electrode in combina- 
won with an electrode consisting of a noble metal such as gold at 
platinmn jP,e. a metal that has a negligible tendency to «nit 
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ions into the solution) dipping in a solution containing a concen- 
tration Cl of stannous and a concentration C, of stamic ions. 
The reaction in the tin solution is Sn*’**+2 electrons~^Sn“, and the 
electrons required are liberated at the hydrogen electrode by the 
change H,->2H*+2 electrons. Since the potential of the standard 
hyckogen electrode is taken as zero, the E.M.F. of the cell is given 


iSn“conc. Cj-. 
; bn _ concXj-. 


z Stan<3ard i 



^Hydrogen \ 
electrode 


Fig. S3. Cell for Investigating the Stannous-Stannic Ion 
Equilibrium 


RT 


by the equation — s-log -• The change Sn"“+2 elec- 

2 JP iZj 


trons-^Sn" may be compared with the very similar change 
Cu"-t-2 electrons-»-Cu. which gives rise to a potential which we 

RT 

have seen to be fa'-f^-^-log The following are some standard 

oxidation-reduction potentials, all referred to the standard hydrogen 
electrode as zero. A positive sign means (for instance) that a 
molar solution of ferric ions is more easily reduced to ferrous ions 
than a molar solution of an acid is reduced to hydrogen. It should 
thus be impossible to liberate hydrogen from a solution of ferric 
ions in normal acid without first convertii^ nearly all the iron to 
the ferrous condition. 


Ion couple 

Co"7Co“ 

Ce""/Ce”' 

T1"7T1' 

Fe"7Fe" 

TiO'frr 

Cr"7Cr" 


Potential 
(voUs) 
•fl-82 
+1-55 
+1*25 
+077 
-fO‘10 
— 0-25 
— 0'4i 
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Allotropy* — ^An ingenious application of the theory of electrode 
potentials has been made to the study of allotropy. It has already 
been stated that tin exists in two allotropic forms, grey and white 
tin, whose rate of transformation is exceedingly slow at ordinary 
temperatures. This makes it very difficult to determine the trans- 
ition temperature with any accuracy. If two electrodes, one of 
grey tin and one of white tin, are placed in the same solution, at 
a temperature at which they are not in equilibrium, a potential 
difference will be established between them corresponding with 
the affinity at that temperature of the reaction: grey tin-^white tin. 
This can be verified experimentally, and by varying the temperature 
of the cell a temperature can be found at which the E.M.F. changes 
sign — ^i.e. has zero value — and this must be the transition 
temperature (13® C.). 

Solubility of Slightly Soluble Salts. — By E.M.F. measurements it 
is also possible to determine the solubility of slightly soluble salts. 
Consider the cell: 

Silver electrode in Bridge 1 Silver electrode in a saturated solution 

M/ioo silver nitrate solution | of silver chloride in M/ioo potassium 

chloride 

This is a concentration cell for silver. If the concentration of 
silver ions in the left-hand solution is put at o*oi and in the right- 

hand solution at [Ag*], we have J 5 =^^.log from which [Ag*] 

can be calculated when E has been measured. Now the concentra- 
tion of chloride ions in the right-hand solution can safely be put at 
0*01, so [Ag*] [CT] can be calculated : this is the solubility-product 
of silver chloride, and is equal to the square of the solubility 
(Chapter VI, p. 189). 

Complez Ions. — The E.M.F. method is one of the best available 
for the investigation of complex ions (Chapter VI, p. 197). Thus 
the cell: 

Silver electrode in 1 Bridge I Silver electrode in a solution M/io in 

M/io silver nitrate | solution | silver nitrate and M/5 in ammonia 

can be used to find the silver ion concentration in the right-hand 
solution by the method already explained. This concentration 
will be found very small, on account of the formation of the complex 
ion Ag.2NH8’. The formula of this complex and its dissociation- 
constant can be elucidated by a series of similar determinations. 
This is an example of how the electrode potential may be affected 
by the addition of a substance capable of producing a complex 
ion and thereby reducing the concentration of the ion with ri||>ect 
to winch the electrode is reversible. If a concentrated sblutipn 
of potassium cyanide is added to the copper sulphate solution of 
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a Daniell cell, the E.M.F. can be made actually to change its direc- 
tion. We have shown a little way back that this will happen 

when is about lo**. The copper cyanide complex ion leaves 


so minute a concentration of cupric ions in the solution that this 
ratio is exceeded. 

Hydrogen Ion Concentration. — ^From the examples we have given 
it will be obvious that by measurements of E.M.F. we can dete^me 
ionic concentrations. The peculiar advantage of the methM is 
its application to very low ionic concentrations — so low indem as 
to be altogether inaccessible to chemical tests. In recent wars 
the determination of hydrogen ion concentrations with the hydrogen 
dectrode has received great attention and has become importW 
in many branches of industry. Hydrogen at standard pressure^is 
^ply bubbled through a platinum cylinder in the liquid under 
investigation, which is connected by a bridge solution with a 
standard electrode, and the E.M.F. measured. For every unit 
increase in the pn value of the solution the E.M.F. rises bv 
RT ^ 

““|jr ioge 10=0*059 volt at 25° C. The hydrolysis of a salt solution 


CM readily be calculated by such measurements. When the degree 
of hydrolysis is very small, as it often is, this is probably the best 
method avaikble. The use of the hydrogen electrode in potentio- 
metnc titrations will be discussed shortly. 

IMamin^iOD of Valency. — The concentration-cell formula 

^ determine the value of «. that is, the 

^ seldom necessary, but one or two 
doub^ c^ do exist, such as the mercurous ion. For reasons 
vdnch wiU be foim^d simimarized on p. 509 it is believed that this 
• Th© question can be settled by measuring 
toe E.M.F. of a ^ceritration cell of, say, mercurous nitrate with 
electrode. by whom these experiments were 

^ that toe E.M.F. was representedtoy the formula 

£=:_.lQg^, not E—-y.\og^, from which it follows that the 

therefore not univalent in these 
which are be^ regarded as complexes produced by combinatiim 
0^^ a mercimc kmi and an atom of mercury: Hg'^-t-Hg'^Hg." 

fh this stageT ^ bT m w^ to 

to^it^to the cto^ appUcations d E.M.F. measurements 
w nave shortly discussed: 

r Investigation erf the equilibrium between a metal and its 

, IQXIS* 
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(ii) Determination of transport numbers, 

(iii) Determination of the ionic product of water. 

(iv) Investigation of the equilibrium between different ions — 
e.g. Cu ‘ and Zn*' or Cr and I'. 

(v) Investigation of the equilibrium between different ions of 
the same metal. 

(vi) Investigation of the equilibrium between allotropic forms 
of the same metal. 

(vii) Measurement of the solubility of slightly soluble salts, 

(viii) Determination of the constitution and dissociation-constant 

of complex ions. 

(ix) Measurement of hydrogen ion concentration and hence of 
hydrolysis. 

(x) Determination of the valency of ions. 


Electrical Methods in Analysis: Electrometric Titration.— Electro- 
metric methods of titration are to-day well established. It has 
already been pointed out (Chapter VI, p. 206) that in the titration 
of a strong acid with a strong base the hydrogen ion concentration 
suddenly changes at the end-point. 

It is this which causes an indicator to 
change colour, but it can equally well 
be detected by the sudden jump in the 
potential of a hydrogen electrode im- 
mersed in the liquid. The diagram 
shows the change in the potential of a 
hydrogen electrode connected to a 
standard electrode when a strong acid is 
added to 25 c.c. of a strong base of equal 
concentration. It should be compared 
with the neutralization diagrams on 
p. 207. The E.M.F. is measured in the 
ordinary way with a potentiometer. 

The great advantage of the method 
is that it can be applied to strongly 

coloured solutions in which an ordinary indicator would be useless^ 
and it is already much used in industry and in biochemistry. In 
some recent types of apparatus designed for use in works laboratories 
the titration has been made automatic. Wten the E.M.F. reaches 
a certain value it works a relay which stops the flow of liquid from 
the burette, and the operator has merely to record the burette 
readings ; hmce unskilled labour may be used. Electrometric^ titra^ 
tion hm been apjdied to many other reactions besides neutndkation, 
Imt we cannot discuss sudi methods here. 


24.0 25.0 26.0 

— C.C. acid — 

Fig. 84. Elbctrombtric 
Titration 
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Oondnctivity Titration. — Conductivity titration methods, though 
different in principle, can conveniently be discussed here. It is 

obvious that during titra^ 
tion the specific conduc- 
tivity of a liquid will 
undergo changes, and 
further consideration /will 
show that a sharp break 
will be found in the ciWe 
connecting conductivity 
and composition at ihe 
end-point. If, for examp 
concentrated hydro- 
chloric acid is slowlj 
added to dilute caustic 
soda, hydroxyl ions are 
removed from the solution 
and chlorine ions are 
added to it. Since the 
Fto. 85. Conductivity Titration. Strong hydroxyl ion has a much 
Base and Strong Acid greater mobility than th^ 

chlorine ion (or indeed 
than any other ion except the hydrogen ion), the conductivity 
falls until the whole of the base has been neutralized (point A 
in Fig. 85 ). Further 
addition of acid then f 
rapidly raises the ^ 
conductivity. By plot- ; 5 
ting the conductivity 
of the solution against ^ 
the volume of acid | 
added, the position of the « 
break in the curve, and ^ 
hence the end-point, g 
can be observed. It 
is not necessary actu- ^ 
ally to determine the I 
conductivity at 
the end-point, for if 
a wmber of determin- Fig. 86. Conductivity Titration. Strong 
are made on eadi Base and Wsax Acid 

str^^t line the point 

of intersection can be accurately found by a graphical method* 
86 the tjrpe of diagram obtained with a strong base and 
' wesic <aici(L 
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Similar considerations apply to precipitation reactions, such as 
the estimation of barium chloride with standard sodium sulphate. 
As the ccmductivity of a solution of a sodium salt is less than that 
of an equivalent solution of the same salt of barium, the conductivity 
sinks till it reaches a minimum at the end-point, when it begins to rise 
(Fig. 87) . The flattening at the end-point is due to the slight solubility 
of the precipitate; a per- 
fectly insoluble substance 
would give a sharp break. 

The advantages of the 
conductivity method over 
titration with indicators 
are that it can be used 
with coloured solutions, 
for the titration of weak 
acids with weak bases, and 
for many titrations for 
which no indicator method 
has yet been devised — e.g. 
acetates can be titrated 
with strong acids to the 
end-point of the reaction 
CHj.COO'+H’-^-CHj.COOH, and ammonium salts with a strong 
base to the end-point of the reaction NH^'-^NHa+H’. On the 
other hand the temperature of the titration mixture must be kept 
approximately constant, the added reagent must be very concen- 
trated compared with the other (to avoid diluting the solution), 
and careful consideration must be given to the mobilities of the ions 
concerned in precipitation titrations before the experiment can be 
successfully carried out. 

The conductivity method of titration was first suggested by 
Kohlrausch, the discoverer of the law of independent mobility 
of ions. 

Gravimetric Analysis. — ^Electrical methods were used in gravi- 
metric analysis before they were introduced into volumetric 
analysis. A consideration of the table of electrode potentials 
on p. 254 shows that it should be possible to precipitate 
copper, mercury, *and silver from even an acid solution before 
hydrogen is evolved, and this can in fact be done. By weighi ng 
the cathode before and after the passage of the current, the weight 
of metal originally contained in the solution is calculated. The 
conclusion that metals with negative potentkds on the hydro- 
gen scale cannot be deposited from solution is, however, by no 
means alwa3rs justified. While the conditions which make for a 
successful analysis are sometimes very complex and* are not always 



Fig. 87. Conductivity Titration: 
A Precipitation Reaction 
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completely understood, the following gmieral principles may be 
stated: 

1. The evolution of hydrogen may be prevented by reducing the 
hydrogen ion concentration to a sufficiently low figure — i.e. by 
making the solution alkaline — ^so long as this can be done without 
decreasing the concentration of the metal ions to an equal degree 
either by precipitation as hydroxide or by complex ion formatton. 

2 . At certain cathodes hydrogen can be liberated only ^ a 
voltage much in excess of the theoretical: this ‘hydrogen Over- 
voltage ' may be put to account by choosing a cathode on whicWthe 
metal can be deposited but at which hydrogen cannot be liberated. 

3. Provided that the evolution of hydrogen has been snccessfuiy 
prevented, metals may be separated — i.e. one can be practicSy 
completely deposited before the other— if their electrode potentials 
be sufficiently far apart. Since for a bivalent metal the electrode 

RT 

potential changes ^.logeio=o-029 volt for a tenfold fall m 

concentration, a difference of o*i volt in the standard electrode 
potentM conesponds with an approximately thousandfold con- 
centration difference. For successful analysis it is nncafp to rely 
on l^s than a 0"2-volt difference. In electro-analysis the solu- 
tion is usually mechanically stirred to avoid local inequalities of 
concentration. 


4. In spite of this, the deposition of any given metal can nearly 
^Ways be avoided by adding to the solution a salt with which it 
forms a sc^cely-dissociated complex ion. This reduces the ionic 
concOTtmtion of the metal to a point at which there is no longer 
any tendency for deposition to take p l ac e. 


Ibdim^ i^iplioations.— In the last forty or fifty years the tech- 
n^ a^phrations of electrochemistry have made enormous progress. 

^ maintained. We shall veiy briefly dLS in 
turn. I. R^aing; 2. Preparations; 3. Plating; and 4. Accumulators. 
I. Refining.— In refining metals by electrolysis the samA prm- 
apply as were ffi^ussed under the heading of Gravimetric 
conditions must be so airangli that only the 
^tal IS deputed on the cathode while the impikties 
speaking, electro-refining is profit- 
S*” ”2®*^ commands a considerably l^her*^ price 

copper: zinl anS to 

ia»im Dun^ m this way. The copper jaocess will serve as an 

the 

ShS the hqmd is a solution of cosoo' sulohatn in 

iwwwaaces which are found to improve the nnootoiess to 
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deposit on the cathode. When the current is applied, copper 
dissolves off the anode^ and is deposited on the cathode at an equal 
rate. Impurities less * noble * than copper remain in the solution, 
which must therefore be renewed from time to time, while insoluble 
impurities or noble metals like silver or gold do not enter the solu- 
tion at all, but fall from the anode in a slimy state. This anode 
slime is collected and worked up for the precious metals. The 
product of the refining process contains about 99*98 per cent 
of copper. 

2. Preparations, — The electrol5^ic method is invaluable for the 
preparation of metals whose oxides can only be reduced, if at all, 
with very great difficulty by the ordinary methods of chemistry. 
Since the electrode potentials of these metals are usually so low 
that they cannot be deposited from even the most concentrated 
aqueous solutions of their salts, the process is carried out in the 
fused compound and in the absence of water. Sodium, potassium, 
magnesium, calcium, and aluminium are all prepared on the com- 
mercial scale by the electrolysis of their fused compounds, as 
described later under these metals. 

Alloys are sometimes manufactured by depositing the constituents 
simultaneously from a mixed solution of their salts, and amalgams 
required in the laboratory are often prepared by electrolysing a 
solution of the salt of the metal with a mercury cathode. 

If the aqueous solution of a salt of sodium or potassium is elec- 
trolysed, hydrogen is liberated at the cathode, leaving hydroxyl 
ions in the solution. The electrolysis of brine (as solutions of sodium 
chloride are called) therefore produces hydrogen and a solution 
of caustic soda at the cathode, and chlorine at the anode, and 
is used on a very large scale for this purpose. Since chlorine 
reacts with caustic soda, the anode and cathode liquids must 
be separated by a porous diaphragm or by some other dmce 
for preventing diffusion from one to the other. The cells designed 
for this purpose are described under the heading Sodium. If the 
electrol5rte is allowed to mix, hypochlorite, chlorate, and perchlorate 
can all be prepared under suitable conditions. 

The electrolysis of sodium hydroxide solution is used for the 
commercial preparation of hydrogen and oxygen. The greatest 
advantage 01 the process is the high degree of purity of the gases. 
In the laboratory the purest possible hydrogen is made the 
electrolysis of baryta solutions — since barium carbcamte is iilsolttble 
no carbm dioxide em be present in the solution. 

Reductton and oxidation processes at the electrodes are also put 
to use both in laboratory and works practice. For sucqf^ssful 
operation it is usually nectary to choose an electrode with a 
suffidwtiy high over-voltage for hydrogen or oxygen, as the case 
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may be, to prevent the evolution of gas, and the process is then 
similar to the well-known uses of * nascent ' hydrogen. The 
catalytic effect of the electrodes and the current density (the 
current divided by the area of the electrode inunersed in the 
electrolyte) are also important factors. As an example of a reduc- 
tion process we may quote the production of good yields of either 
azobenzene (CeH5,N2.CeH5) or hydrazobenzene (CeHg.NH.NH.QHj) 
from nitrobenzene (CeHj.NOa). By electrol 3 ^ic oxidation ft is 
possible to prepare substances which, so far as is known, cah be 
made in no other way. Thus persulphuric acid, H 2 S 20 g, is made by 
the electrolysis at a low temperature of fairly concentrated sulphuric 
acid at a smooth platinum anode that has a high oxygen over- 
voltage. The liberation of oxygen is thus avoided and the sulphate 
ions combine to form persulphate ions: 2S04*'“>S208*+2 electrons. 
Since these ions would be reduced at the cathode, the electrodes 
must be separated by a diaphragm. 

The very active element fluorine, which instantly decomposes 
water, was first prepared by Moissan by the electrolysis of a 
fluoride dissolved in anhydrous hydrogen fluoride, and electrolysis 
is still the only practicable methcJd of preparing the gas. In 1927 
an oxide of fluorine, FjO, was prepared for the first time by tl^ 
electrolysis of potassium hydrogen fluoride in the presence of a 
little water, and in 1929 the electrolysis of ammonium hydrogen 
fluoride yielded the hitherto unknown nitrogen trifluoride, NF,. 

3, PUUif ^, — ^This can sometimes be carried out by the immersion 
of the object to be plated in a suitable solution, but the process is 
usually assisted by making the object the cathode and passing a 
current. In order to get a smooth coherent deposit the surface 
must be very clean and the metal deposited from a solution in 
which the concentration of its ions is very low. This can be 
effected by adding a salt which forms a complex with the plating 
ion and lowers its concentration — e.g. copper-plating baths usually 
contain cyanides. X-ray examination of cathode deposits has 
shown them to consist of a mass of small crystals of the metal. 
If the deposit is made from a solution in which the metal ion has 
a high concentration, the crystals tend to set with one of their 
faces parallel to the surface of the cathode, while if the metal 
ion concentxation is reduced by the addition-of a complex-forming 
dectrolyte, the arrangement of the crystals is haphazard. This 
bi^bazard arrangement imparts mechanical strength and 
to the deposit and increases its resistance to abrasion. 

with zinc to protect it against corrosion 
by di{q»ng it in the molten metal or by electrolysis, whidi 
better ^protection; the product is popularly called 
.g^hranized iron/ In the same way silver mirrois be pro- 
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tected against tarnishing by atmospheric hydrogen sulphide by 
covering them with a thin electrol3rtic deposit of rhodium. Table- 
ware, jewellery, and ornamental objects are plated with gold or 
silver by an electrolytic process, and metal fittings are now very 
commonly plated with chromium or cadmium to preserve their 
polish. 

Some books are printed from electroplates. A wax impression 
or negative is made of the ordinary type and is covered with 
graphite to render its surface conducting. This surface is then 
copper-plated until a thick enough plate has been produced, which 
can be detached from the wax by melting off the latter. Printing 
is then done from the copper plate, so that the original type can 
be used again without loss of time. 

4. Accumulators , — ^When dilute sulphuric acid is electrolysed 
between lead electrodes, lead dioxide is formed as a brown deposit 
on the anode by electrolytic oxidation: 

Pb+2H20~4 electrons->Pb02+4H‘. 

The action is reversible, and is the basis of the lead accumulator, 
still the most widely used method of storing electrical energy. 

If sheet lead is used for the plates they soon become covered, 
during electrolysis, by a deposit of lead dioxide which prevents 
any further action. They are therefore made in the form of a 
grid with bevelled edges, and the spaces are filled with a prepara- 
tion of red lead, Pb804. This allows the electrolyte to penetrate 
the electrode, and during charging the anode becomes thickly 
covered with the dioxide, while spongy lead is produced by reduction 
at the cathode. 

On discharge, while the accumulator is being used to supply 
current, the following actions take place: 

At the anode: Pb02+H2S04-|-2H’+2 electrons-^PbS04-h2H20. 

At the cathode: Pb+S04*->PbS04-l-2 electrons. 

During the charging process the opposite actions take place. Since 
lead sulphate is almost insoluble, the concentration of lead ions in 
the solution is always very small. If chlorides are present in the 
electrolyte, chlorine is set free during charging and this attacks 
the lead plates: loss of water by evaporation must therefore be 
made good with distilled water, not tap-water. 

The Edison accumulator depends on the reaction 

Fe+2Ni(OH)8-^Fe(OH),+2Ni{OH)2 
that takes place on dischaz^e, and is reversed when the accumulator 
is charged. The positive plate is covered with nickelic hy<koxide, 
NifOH)^, while the negative plate is covered with finely-divided 
iron, and the electrol3d:e is 20 per cent caustic potash mth a little 
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lithium hydroxide. This accumulator bears mechanical shock 
and abrupt changes of load better than the lead accumulator, but 
the ratio of energy-capacity to weight is less favourable. 

Reactions in tiie Electric Disohaige.— Electric discharges of 
various types are also much used in the preparation of gases, both 
on a laboratory and on a technical scale, e.g. in ozonizers. The 
principal object of the use of an electric arc in the synthesis of 
nitric oxide was to reach a very high temperature, but specidcally 
electrical effects come into play, and the yields obtained »e in 
excess of those that a study of the thermal equilibrium wouldilead 
one to expect. The conception of temperature depends on\ the 
ww that the molecules of a gas lose or gain energy only bylcol- 
lision: on this basis the probability of the energy posSessed\by 
a molecule exceeding any given value can be calculated, and the 
calculations are m general agreement with the temperature- 
cMfficient of the velocity of chemical change. But in the etectric 
discharge or the electric arc some of the molecules are ionized 
and consequently accelerated by the electrical force acting on 
them, so that no precise temperature can be assigned to gases 
undCT these conditions, nor is it reasonable to expect thmnal 
equilibrium to be reached. Later on we shall describe more tha t u 
one type of electric furnace— e.g. the phosphorus furnace or the 
carborundum furnace, but the function of the current in these 
famaces is not electrolytic: it is used simply as a source of heat 
1^ passing a very large current through a high resistance. 


Photochemistry 

Thk branch of chemistry deals with the connection between 
^emical processes and the emission or absorption of light. It will 
be convenient to draw an immediate distinction between (i) 

chemical processes which are 
affected by the light falhng on the system. 

. re-A»cA emit LigAt.-Tbe heat developed in 

(such as an explosion) is often sufficient to raise 
S incandescence, but the light given out 

Sstem a consequence of the high tempIratSe of the 

^tem and we need not consider it here. We are inore concerned 
the various tods of light emission (called 

comparatively 

‘“perfectly devdoped S no 
Jpucral explanation of these phenomena is availahl^ a 
mmnm examples of their occurrence may suffice as an 
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Decomposing organic matter sometimes shines in the dark (and 
of course in the light as well, though the shine is then less easily 
seen), and the light emitted by certain insects (fire-flies, glow-worms) 
and marine protozoa (the so-called ‘ phosphorescence ' of the sea) 
is probably due to chemical reaction. When concentrated anunonia 
is acted on by chlorine gas to form nitrogen and ammonium chloride, 
a bright red flash is visible, especially in a darkened room. The 
feeble light emitted during the slow oxidation of phosphorus is 
well known, and is exhibited in a more intense form when a suspen- 
sion of phosphorus in glacial acetic acid is oxidized by hydrogen 
peroxide. It had been known for centuries that calcium sulphide 
gave out light on warming, but it has only recently been discovered 
that impure calcium sulphide is much more active than the pure 
substance. Luminous paint, such as is used on watches, contains 
calcium sulphide. When bromine reacts with acetylene a green 
light or * cold flame * is visible, and many organic compounck are 
known that can be made to react with luminescence. 

2. Effect of Light on Chemical Change , — Many reactions take 
place only when light is allowed to fall on the reaction mixture. 
Hydrogen and chlorine combine slowly in diffused daylight and 
with explosion in bright sunlight. A solution of mercuric chloride 
and ammonium oxalate is perfectly stable in the dark but deposits 
calomel when illuminated. 

COONH^ 

zHgCla+l =Hg2Cl2+2C02-|-2NH4a 

COONH4 

Some unstable or explosive substances can be prepared with safety 
only in the dark— e.g. the well-known explosive compound N2H3I3, 
formerly called nitrogen iodide. The most important of all such 
reactions are, however, those that go on in the living organism. 
Nearly all plants wither if not supplied with light, though a few 
are known— e.g. various fungi — which can grow in the dark, while 
most forms of bacteria are destroyed by light of certain kinds, 
such as the radiation from mercury vapour lamps, a fact which 
has been made use of in water-punfication. The function of the 
green colouring matter, chlorophyll, in the leaves of plants is to 
absorb the light n^:essary for the reactions by which the carbon 
dioxide of the air, together with water and other substances drawn 
frmn the soil, is converted to the very complex organic snb^ances 
that can be detected in the plant. 

The theory of the majority of these processes is unfortunately 
quite uncertain, though in recent years some progress has been 
ma4t towards their elucidation. Living on one side as beyond 
the range of this book the reactions that occur m living organisms^ 



^72 THEORETICAL AND INORGANIC CHEMISTRY 

we shall find it convenient to divide photochemical processes into 
those which under the influence of light reach the ordinary or 
so-called ‘ thermal ' equilibrium, and those which reach an 
equilibrium, called the 'stationary state/ no longer stable when 
the light has been removed. In the first class the light acts as 
a catdyst, and merely accelerates a process that could be reached 
more slowly — ^perhaps infinitely slowly — ^in the dark. In the 
second it does work against the chemical forces, and it is as though 
a new variable had been introduced into the system besidi the 
temperature and pressure familiar to us. \ 

D^mposition of Hydrogen Bromide.-— As an example ofi the 
first type we may take the partial decomposition of hydrogen 
bromide into hydrogen and bromine. It was found in this as in 
all other photochemical reactions that the only effective light was 
the light that the system absorbed, and by a well-known law of 
physics, the absorbed wave-lengths are those which the substance 
itself emits when in an excited state. It should perhaps be added 
that photochemistry deals not only with the wave-lengths of the 
visible spectrum, but also with the very active ultra-violet rays, 
excluding only the infra-red wave-lengths comprised under the 
term ' radiant heat.' The main purpose of the investigation lof 
the hydrogen bromide decomposition was to find out how the 
amount of decomposition effected depended on the amount of light 
absorbed. This involves a measurement of the intensity of a certain 
wave-length before and after absorption, always a difficult matter. 

Law of the Photochemical Equivalent.-— Before discussing the 
results we must shortly describe the Law of the Photochemical 
Equivalent introduced by Einstein in 1906. Long before that 
time it was fairly clear that a certain quantity of light energy was 
absorbed by one of the atoms of the reacting substance, and that 
this atom was thereby raised to a state of activity in which it 
was capable of reactions impossible to it in the unexcited condition. 
The probable nature of this excitation will be clearer after the 
dipission of atomic structure in Chapter X. Einstein connected 
this view with the quantum theory, then recently introduced, 
^rding to which energy could only be absorbed or emitted in 
demite though very small amounts, or multiples of them, connected 
with the frequency of the absorbed or emitted radiation by the 
equation where E is the energy, v the frequency, and h a 

umver^ constant (caUed Planck's Constant)* He supposed that 
{mciochemical excitation consisted in the absorption of one of 
quanta by an atom, which was then capaMe of reaction, 
can be tested as follows. If the frequency of the 
eM^bed light and the quantity absorbed are known, it is possible 
^ oaicmate the number of quanta absorb^ and to compare it 
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with the number of atoms (or molecules) which have reacted. 
The two numbers should be in approximate agreement. 

Eq^erimenial Tei^— The first calculations were very disappoint- 
ing. In the combination of hydrogen and chlorine, for example, 
the yield per quantum was about a million molecules of hydrogen 
chloride instead of one. But the new theory gave a great stimulus 
to photochemical research, and in a few years more than one reac- 
tion had been investigated which gave results in promising agree- 
ment with theory. In the hydrogen bromide reaction it appeared 
that almost exactly half a quantum was required per molecule; 
but since half a quantum can, by definition, exist no more than 
half an atom can, it is better to say that one quantum will decompose 
two molecules. This may appear puzzling, but it is possible to 
assume that the quantum absorbed by a hydrogen bromide molecule 
endows it with sufiicient energy to convert it to atoms, and that 
the hydrogen atom thereby produced disrupts a second molecule 
without requiring any more light energy. The three steps postu- 
lated are shown below, and can all be shown to have a positive 
affinity — an important point in the verification of such a hypothesis, 
(i) HBrH-quantum-^H+Br. (ii) H+HBr~>*Hg-f-Br. 

(iii) Br-fBr-^Brj. 

Combination of Hydrogen and Chlorine.— A similar explanation 
(originally suggested by Nemst) is now generally believed to 
account for the abnormal yield of the hydrogen chloride syn- 
thesis. In this reaction the chain mechanism begun by the absorp- 
tion of a quantum continues much longer: Cljj+quantum->Cl+Cl; 
C1+H2~>HC1+H; H+Clg-^HCl+Cl, etc. The same idea accounts 
in a convincing way for the anticatal 3 rtic effect of oxygen and other 
impurities, which had much puzzled earlier investigators; for the 
oxygen molecules may be supposed to bring the chains to an end by 
reacting with the free atoms of hydrogen or chlorine which alone 
cause it to continue. The principal difference between the photo- 
chemical syntheses of hydrogen bromide and hydrogen chloride is 
that the reaction Br+Hg-^HBr+H has a negative affinity, or, in 
other words, cannot take place, while the reaction Cl-f-Hg-^HCl+H 
t^es place freely. Consequently the reaction chains in the hydrogen 
chloride system are mu^ longer and the system is far more 
sensitive to light. 

The hydrogen chloride photos 3 nithesis has been the object of an 
immense amount of experimental and theoretical work, and it has 
be^ established that, for a given pressure of hydrogen, the reaction 
rate is expressible in the form 

d[HCl]__A/[Cy»* 
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where I is the light intensity. The value of « is unity when the 
pressure of hydrogen is small, and »=2 when hydrogen is in excess. 
The reaction shows an induction period; that is, some time is 
required before it will start at all. It has been shown that this 
time is necessary for the chlorination of nitrogenous anticatalysts 
introduced into the system as impurities in the gases or from the 
vessel. If their quantity is reduced the reaction starts with a 
shorter induction period. 

In the second type of photochemical reaction the system retches 
different states of equilibrium in light and in the dark. Thus in 
ultra-violet light the hydrocarbon anthracene polymerizes tq an 

2Ci4Hi(j - ^28^20 

anthracene dianthracene 

extent depending on the intensity of the illumination, while in the 
dark the reverse reaction takes place nearly completely. By far 
the most important in practice of such reactions are the decomposi- 
tions of the silver halides in photography. While much remains 
as yet unexplained, it is possible after many years of research to 
give a genei^ account of the process. 

Photography. — The decomposition of the silver halides is ; a 
reversible process. When a thin layer of the halide is exposed in 
a high vacuum to a bright light, halogen is lost and a definite photo- 
chemical equilibrium is reached. The residue is probably a solid 
solution of silver in the remaining halide, but & the residue is 
exposed to the action of the halogen in the dark it recovers its 
original condition. The photographic film usually consists of 
particles of silver bromide, with other substances, embedded in 
gelatine, and when exposure to light takes place the minute quan- 
tities of bromine set free combine with the gelatine, so that the 
action is no longer reversible, and when the exposure is over, the 
film contains particles — perhaps only atoms — of sUver which do not 
return to their previous state of combination. In all such exposures 
the quantities affected are too small to be directly detected by 
chemical methods, but if the illuminated film is treated with a 
suitable reducing agent, such as pyrogallol, the remaining silver 
halide is reduced to silver most rapidly at the points at which silver 
nuclei are already present, and a visible ima^ is thereby developed, 
and then ' fixed,' It has recently been discovered that minute 
amoimts of sulphur-containing compounds, normally present in 
gdtetine, exert a special sensitizing action on silver bromide in 
respect to light. The theory has been proposed that $n^ jm*©- 
porbons of silver bromide are converted into silver sulphide, and 
fibat the light acts only on the bromide m contact with the sulphide, 
is/Addi is itself insensitive to fight. 
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From the very brief account we have giv«i of the complicated 
phenomena of photochemistry it should be clear that while Einstein’s 
law offers the best hope of a more adequate understanding of the 
subject, yet further fundamental generalizations will probably be 
necessary before all the difficulties can be dealt with. 
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Our treatment of solutions has hitherto been tacitly confined to 
homogeneous systems, though it is obvious that all solutions are 
ultimately heterogeneous, since they contain different kinds of 
molectdes. We have, however, excluded such liquids as appear 
turbid or opalescent, and to these we must now turn our attention. 

The UUiamiciosoope.— The most obvious test of the homogeneity 
of a solution is its optical clarity, but it was early recognized that 
on this matter the evidence of the unaided eye was quite insufficient. 
Freshly-prepared distilled water, which under ordinary conditions 
appears perfectly transparent, can be shown to contain quantities 
of suspended particles, and the same applies to all the liquids used 
in the laboratory. Zsigmondy's ultramicroscope is the best in- 
strument for demonstrating this. In the ultramicroscope a very 
intense beam of light, concentrated by a lens system from an arc, 
is passed through the liquid under examination, and a microscope 
is placed with its axis at right angles to the path of the beam. If 
no particles are present except the molecules of the liquid, little of 
the incident light is scattered into the microscope, and an eye 
applied to the instrument sees merely a dark field, but if any 
di^rete particles are present they appear as disks of scattered Bght, 
and even to the nak^ eye the path of the beam through the liquid 
is visible if the particles are sufficiently numerous. This method 
originates from the Tyndall effect, and recalls the appearance 
of a beam of sunl^ht streaming through a chink in a shutter into 
jtl»e dusty air of a darkened room. It is the best test of the so-called 
Immogeiuaty of a solution — by which we mean the absence of par- 
of more than molecular dimen^ns — ^but in practice it is 
e(|ai|£cated by the difficulty of preparing even pure liquids in 
^ ^ j®ist-ftee a condition that they do not riiow the effect. Some 

276 
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liquids can be freed from dust by carrying out a precipitation in 
them in a closed vessel; the dust particles are usually carried down 
with the precipitate in a way that we shall shortly investigate 
more closely, leaving the body of the liquid clear, but with other 
liquids this is impossible. Thus ferric chloride solutions are never 
optically clear, for the colloidal feme hydroxide formed by hydro- 
lysis is always visible under the ultramicroscope. 

dassifleation of Colloidal Systems.— With the help of the ultra- 
microscope extended investigations have been made of colloidal 
solutions in which the solute particles vary in size between the 
molecules or ions of a true solution and comparatively large 
particles such as those present in rapidly-settling suspensions. 
There is, however, a large variety of heterogeneous systems which 
must be investigated by other methods. Beyond giving an example 
or two of each we shall not be able to discuss them here. The 
particles are called the disperse phase, the medium is called the 
dispersion medium. 


Dispersion 

Disperse 


Medium 

Phase 

Example 

Solid 

Solid 

Many coloured glasses (e.g. 'ruby* glass, 
coloured by dispersed copper) 


Liquid 

Crystals with liquid inclusions 
'Solid foams* 


Gas 

Liquid 

Solid 

Sols (hydrosols) : will be further discussed 

Liquid 

Emulsions (e.g. oils dispersed in water) 


Gas 

Foams 

Gas 

Solid 

Smoke 


Liquid 

Mist 


Size of GoUdd Particles.— Before alluding to Perrin's work on 
the kinetic properties of colloidal solutions we shall do well to fix 
our ideas by making some estimate of the size of the particles in 
such solutions with relation to (a) molecular dimensions, and 
(6) particles visible in an ordinary microscope. The diameter of 
the hydrogen molecule is of the order of io~® cm., while large 
molecules of well-defined compounds may have diameters up to, 
sa^, 10“’ cm. At 5x10“’ cm. it is possible to detect colloidd 
particles with the ultramicroscope. The smallest body visible in 
^ ordinary microscope has a diameter of about I0“® cm., and there 
is no hope of reducing this limit much farther, because the wave- 
length of light is about 5x10“® cm. and bodies much smaller 
than this cannot be visible in the ordinary sense. It is, however, 
still possible to detect their presence in the ultramicroscope as 
disks (rf light, though no direct estimate of their size, shap^, or 
colour be obtained in this way. As regards their probities 
m solution there is in fact an insensible gradation between partides 
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visible to the naked eye and molecules, and it is of great importance 
to realize this fact. The dimensions of what are generally described 
as coUoid particles lie between about I0““* cm. and something 
below 10“'^ cm. 

The Brownian movement. — ^A particle as laige as cm., if 
suspended in a liquid and observed in a microscope, is seen to be 
in continual motion. This was first noticed by the botanist Brown 
in 1827, and is called the Brownian movement after him ; thi quan- 
titative explanation of the phenomenon has been one of the triumphs 
of the kinetic theory. It was at first supposed that the motion 
was due to convection currents in the liquid, but careful expe^ents 
showed that this opinion was untenable. The motion , is, in fact, 
thermal agitation of exactly the same nature as the thermal Agita- 
tion of the molecules of a gas discussed in Chapter II. The' first 
successful investigation of the Brownian movement was due to 
Perrin, and the student cannot do better than read his book Les 
Atomes, which has been translated into English. 

Penin's Experiments. — For quantitative measurements it is 
obviously desirable to have a suspension in which all the particles 
are of equal or nearly equal size and weight. Perrin used emulsions 
of gamboge and mastic in water, and sorted them out by a labo^ous 
process of fractional centrifuging. Since the particles are denser 
than water, if the emulsion is centrifuged in a long tube they tend 
to congregate at the outside or rapidly moving end and to leave 
the stationary end. Nevertheless the Brownian movement of the 
particles counteracts this to a degree depending on the diameter 
of the particle, for small ones move much faster under the influence 
of the Brownian movement than large ones, so that a gradient is 
set up along the tube in two ways: (i) particles of all diameters are 
more numerous at the outside end; (ii) the average diameter of the 
particle increases from the stationary to the outside end. By 
discarding all particles except those in a certain part of the tube, 
and by continually repeating the separation, Perrin was able to 
obtain a small quantity of an emulsion containing grains of very 
nearly equal diameter, about 4x10-® cm., or rather larger than 
most colloidal particles. The density of the grains was measured 
without difl&culty by the usual methods, since for this purpose a 
large number of grains can be used; but for the measurement of 
the diamet^ special methods had to be devised, as the grains were 
near the limit of microscopic visSNSity. Perrin found that they 
^uld be made to settle on glass in straight rows, whose length 
^uld determined with fair acomacy. By counting the number 
cl particles in a row the diameter of eadb was calculate, and this 
^becked by methofiis which we need not describe. Having 
in this way a^ emulsion m which all tike grains were of 
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equal and known size and weight, Perrin studied the vertical 
distribution of the grains by focusing a microscope on different 
horizontal layers of the liquid and counting the number of particles 
visible in the field. In this way he was able to find out with 
considerable accuracy the extent to which the lower layers of liquid 
were richer in grains than the upper layers. 

The causes of this concentration gradient are precisely similar 
to those prevailing in the tube of the centrifuge, since the centri- 
fugal force is replaced by gravity, but in this case the particles are 
all equal in diameter and there is no difference between the average 
size of the particles in the top and bottom layers. It is obvious 
that if the kinetic theory is correct — that is to say, if the Brownian 
movement of the grains is due simply to bombardment by solvent 
molecules — the prides, though heavier than water, will never 
come to rest on the bottom of the vessel, but will set up a concen- 
tration gradient such that the lower layers of liquid contain more 
particles than the upper ones. Now the extent of the Brownian 
movement depends on the size of the particles. For large particles 
the movement is imperceptible because the number of molecules 
striking them from all directions in a short interval of time is so 
immensely large that the probability of a resultant force in any 
direction is negligible. Just so a cork on the surface of a choppy 
sea is in incessant motion, while a large ship is scarcely affected. 
For small particles the effect of gravity is exceedingly small in 
comparison with the effect of molecular collisions, so that the 
difference in density between the top and bottom of a gas column 
a few metres high cannot be detected. Nevertheless the concen- 
tration gradient, though very slight, is easily perceptible over great 
heights, and the density of the atmosphere gradually decreases 
from the surface of the earth outwards until it reaches a figure 
^distinguishable from zero. The selective effect noticed in the 
centrifuge tube also occurs, for at great heights the air is richer in 
Ihe lighter constituent nitrogen. From exact measurements of the 
loncentration gradient of any such system it is possible on the 
fcasis of the mathematical kinetic theory to calculate the weight 
m the particles, assuming a known value of Avogadro's constant, 
pr, knowing (as Perrin did) the weight of the particles, to calculate 
ivogadro^s constant. The value obtained was 60-9x10®*, in good 
^agreement with the value calculated by other methods. This 
agreement not only proves the kinetic explanation of the Brownian 
movement to be correct, but is also evidence in favour of Avogadro's 
hypothesis and the kinetic theory of liquids: that is, it supports 
^ strongest way the molecular theory of matter. 

— ^The first systematic or extensive investigations of 
'“oidal solutions were made by Graham in the eighteen-sixties. 
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He was struck by the very marked differences that electrol5^es 
and such substances as albumin or gelatine showed in the speed of 
diffusion through a solution, and he foimd that the former class 
would diffuse freely through membranes made from parchment 
paper or animal bladders, which retained the latter. The former 
class, whether electrolytes or not, he called crystalloids, the latter 
colloids, and the process of separation with a membr^e he called 
dialysis. We now know that there is no rigid line to be drawn 
between colloids and crystalloids, either as regards thiir naolecular 
weights in solution, power of passing a membrane, or optical pro- 
perties. The properties of the solution change gra.dually from typical 
crystalloid properties to typically colloid properties, as the molecular 

weight ^ows larger, and such a 
crystalloid as cane sugar may show 
the Tyndall effect in very concen- 
trated solutions. 

Animal membranes are now but 
rarely used in dialysis, their place 
having been taken by collodion 
or parchment paper. The process 
is still much used for tl^e separa- 
tion of colloids from electrol 3 rtes, an 
Fig. 88. Dialyser apparatus similar to that shown 

in the diagram being employed. 
A suitable funnel-shaped membrane (an oriUnary filter-paper is of 
course useless) is placed in the funnel, and washed with a constant 
stream of water, whose level is automatically fixed by the perforated 
side-tube. 

Kethods of preparing Colloidal Solntioiis.— A large number of 
processes have been devised for the preparation of colloidal solu- 
tions, and it has been maintained that it is possible to prepare 
any substance in such a form. A great advance was made by 
Bredig, who found that colloidal solutions of silver and many other 
metals could be prepared by passing an electric arc between elec- 
trodes of the metal under the surface of the liquid; in this process 
the metal is vaporized, and, on sudden condensation at a short 
distance from the arc, particles of colloidal size are formed. The 
arc method has been brought to a high degree of perfection by 
Svebberg: either alternating or direct current may be used. Col- 
loidal solutions of mercury may be obtained by passing mercury 
vapour into water, or even by shaking mercury and water violently 
togetito. The chemical method is perhaps the oldest of all. Fai^- 
BAir produced red and blue solutions of gold by reducing a solution 
of ,g«dd chloride wth an ether^ soluticm of phosfdiorus, and all 
(Chemists axe familiar with the colloidal solutions of sulphur produced 
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when solutions of hydrogen sulphide are treated with nitric acid or 
sulphur dioxide; they pass through paper filters and frequently 
cause difficulty in qualitative 
analysis. Electrolytic reduc- 
tion has also been used for 
the preparation of colloids, 
but the conmionest method 
of all is some form of precipi- 
tation from solution, either 
by cooling or by diluting the 
solvent with another liquid 
in which the solute will not 
dissolve. A theory of the 
production of colloids by 
precipitation has been worked 
out by VON Weimarn, and 
as it is very wide in its appli- 
cations and is in good general 
agreement with experiment 
we shall give a short account 

of it here, though we shall not Fig- Sg- Bredig's Method of Preparing 
discuss its quantitative verifi- Colloidal Solutions op Silver 
cation, which has not always {no volts D.C.; 8 amps.) 

been very successful. 

Von Weimam’8 Theory* — Von Weimarn introduces a function 
d called the dispersion coefficient, which may be defined by the 

equation in which S represents the solubility of the 

substance to be precipitated, and C the concentration in the instant 
before the precipitate forms, less the solubility, that is, the excess 
concentration representing the amount which will in time be 
precipitated from unit volume, is the viscosity of the solution, 
which may be in water or any other solvent. By the use of the 
term dispersion-coefficient von Weimarn implies that this expression 
controls the fineness of the precipitate produced. A low value of 
, d implies the formation of large crystals, and vice versa. According 
to the theory, in any given solvent the formation of a colloidsu 
solution should be promoted by a large excess of the substance to 
be precipitated and a low solubility, and this is in fact found to be 
tnie. Large crystals are made by growing them in a solution 
only very slightly supersaturated; small ones by rapidly reducing 
the solubflity in a solution as concentrated as possible, either by 
cooling it suddenly or by adding a large excess of some precipitating 
agent. Von Weimarn supported his views by expmments on the 
precipitation of barium sulphate from solutioiis of manganous 
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sulphate and barium thiocj^ate (chosen for their h^h solubility). 
In very dilute solutions fairly large crystals were obtained, since 

under these conditions g is fairly small. As the concentration 

increases, the precipitated particles become smaller and smaller 
until in very concentrated solutions a gelatinous precipitate is 
obtained in which no crystalline form can be detect^, llie very 
fine precipitates are not stable, since very fine particlep of a slightly 
soluble substance grow larger in contact with the saturated solution. 
This is because the solubfiity of a substance is great^t when it is 
in the form of a very fine powder: the larger the particles the 
smaller the solubility, though the effect is only .detectable below 
a very small particle size. The larger particles therefWe grow at 
the expense of the small ones, but this process is exceedingly slow 
unless there is a reasonable solubility, for the transfer must take 
place through the solution. This is why fine precipitates like 
barium sulphate are usually boiled for some time before filtration 
— ^the increased solubility at the higher temperature promotes the 
disappearance of the very small particles which will pass through 
a filter-paper. X-ray analysis by the powder method has shown 
that even small colloid particles are definitely crystalling. 

Electrical Charges on Colloids. — ^An electric charge is usually, 
though not always, found to be associated with every colloid 
particle. This is easily demonstrated by electrolysing the colloidal 
solution in a U-tube and showing that the colloid has begun to 
migrate towards one electrode or the other, either visually if it is 
coloured, or by analysis if it is not. The migration is called 
cataphoresis. Generally speaking, metallic hydroxides are posi- 
tively charged and consequently migrate towards the cathode, 
and so do some dyestuffs, whOe other dyestuffs, metals, sulphur, 
silicic acid, and most insoluble salts are negatively charged and 
seek the anode. By varying the conditions of formation it is 
sometimes possible to prepare two colloidal solutions of the same 
substance with charges of opposite sign on the particles. By 
calculation from the observed velocities one can estimate the 
average electric charge per particle. The results differ even between 
different solutions of the same substance, but colloidal charges are 
always much larger than ionic charges. 

CoagalatiO!i.— The electrical charges on colloids, whatever their 
origin, are obvioi^y closely connected with the phenomenon of 
mutu^ precipitation, for it is invariably found that colloids of 
opposite electrical charge coagulate each other; the particles unite 
and settle on the bottom of the vessel. The electrical charge 
a^eara tterefore to be essential to the permanence of the colloidal 
shite m nearly aU substances, for the equivalence of mutually 
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precipitated colloidal solutions is electrical, that is to say, a given 
positive charge distributed over the particles of a coUoidd solution 
will precipitate, and be precipitated by, an exactly equal negative 
charge on the particles of another solution. If an excess of one 
solution or the other is added, the particles, which are usually 
of both the kinds originally present, take on a positive charge 
if the colloid with positive particles is in excess, and vice versa. 
The electrical double layer, as it is called, which must exist on 
the surface of a colloidal particle appears to keep it from uniting 
with other particles, and as soon as the charge has disappeared 
the particles combine to form larger ones, a phenomenon called 
coagulation. 

The power of coagulating sols is possessed in an eminent degree 
by electrolytes, and the effect of an added electrolyte increases 
with the valency of its ions, bivalent ions being much more effective 
than univalent ions, and tervalent ions more effective still. It is 
further found that the important factor is the valency of the ion of 
opposite sign to the colloid: thus the aluminium ion, with three 
positive electronic charges, is very effective in precipitating nega- 
tive colloids, while positive colloids are more readily precipitated 
by the bivalent negative sulphate ion than by the univalent nega- 
tive chloride ion. 

The Mass of Sol Particles. — Not all particles exhibiting typical 
colloidal behaviour appear to owe their stability in dispersion 
primarily to an electric charge. Starch, agar-agar, and cellulose 
acetate (' cellophane *) all yield stable dispersions of uncharged 
particles. The so-called * soluble ' starch, used in volumetric 
analysis, owes its solubility (or dispersibility) to the presence of 
phosphate groups, which do give rise to charged particles. When 
the particle is electrically neutral it is legitimate to expect that its 
true weight (or molecular weight) can be found from a careful 
measurement of the osmotic pressure of the sol, for Perrin’s re- 
searches showed that in respect of osmotic effects colloidal particles 
are not abnormal, except in the magnitude of the molecular weight. 
In principle, a cryoscopic observation would serve the same purpose, 
but it must be remembered that a molar aqueous solution of any 
substance gives only about 1*9® of depression in the freezing-point, 
but has an osmotic pressure (at o® C.) of over 22 atmospheres. 
Obviously the latter property is by far the easiest to observe and 
measure for a solute of high molecular weight. Using a membrane 
of cellophane, and formamide as solvent, Staubinoer found the 
molecular weight of pure starch to vary within the wide limits 
30,000-153,000. Actual osmotic pressures measured were .of the 
order of 1-20 mm. of mercury. 

Particles normaQy possessing an electric diarge, that is those of 
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the majority of cofloidal systems, would doubtless also show normal 
osmotic behaviour, but it must be noticed that their charges are 
compensated by the presence in the dispersion medium of simple, 
and molecularly dissolved, ions. Thus a particle of the hydrosol of 
ferric hydroxide very probably owes its usual positive charge to 
ferric ions Fe"‘ attached by a process of adsorption (see below). 
Suppose a particle holds lo ferric ions in this way.; then to 
each such particle there must be 30 simple anions sue as Cl' in 
the dispersion medium. Each of the latter^ ions is otically 
active, and the observed osmotic pressure will be ap;^ iximately 
31 X U if /I is the pressure due to one unit. Hence we c; lot hope 
to evaluate the true molecular weight of the sol p^tic by this 
means. Fortunately other methods are available. F< simple 
inorganic particles, such as those of metal sols, we may bj^ the use 
of the ultramicroscope count the number of particles in, say, i ml. of 
the sol. Then, by coagulating a suitable quantity of the sol we 
can weigh directly a known number of particles, and hence obtain 
the average weight of each. In the case of simple inorganic sols 
the conception of molecular weight of the particles has no clear 
meaning, for we may assume, with the support of X-ray diffraction 
studies, that these particles are essentially very small crystalline 
specimens of the substance dispersed. A method highly developed 
(principally by Svedberg) for organic colloids, such as proteins, is 
that of the ultra-centrifuge. This machine is in principle simply 
a centrifuge capable of extremely high rate of rotation; it in fact 
creates an enormous enhancement of the natural gravitational 
field, and the settling of coarse suspensions imder ordinary gravita- 
tion is imitated for the vastly smaller sol particles. The method 
has the unique advantage that it displays the molecular weight 
‘ spectrum,* and permits the ready separation from different levels 
of the centrifuge vessel of the constituents of ' polydisperse ' sols. 
By means of this technique many biological substances of high 
molecular weight formerty thought to be chemical individuals have 
been shown to be mixtures. 

The Soiuce of the Electric Charge of Sol Particles* — Since the 
crystals of most substances are held stable by the presence of strong 
intautomic or intermolecular forces, many of which must be styled 
chemical rather than physical, the surface of a solid in vacuo must 
be the seat of these forces partially or wholly uncompensated. These 
strong attractive forces wiU draw substances out of gases or solutions 
brought into contact with the solid surface, and attach these firmly 
to it* This surface phenomenon is called adsorption. The mole- 
cules so attached m^ slowly migrate into the body of the solid, 
and become dissolvedtin the ordinary sense* The total process of 
Uj^ahe has been tamed sorption. It has bW proved in quantita- 
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tive experiments that an adsorptive attachment of simple ions is 
adequate to account for the characteristic charges on most inorganic 
sol particles. It follows from this that a stable sol of this kind 
cannot be prepared in the complete absence of ions; on the other 
hand, too large a concentration of electrolyte coagulates the sol, 
by forcing a compensating ion on to the already charged surface. 
For all inorganic sols therefore there must be an optimum concen- 
tration of suitable ions, that will yield a preparation of maximum 
stability, i.e. one in which the charge per particle is a maximum. 
This view of the source of the charge is strongly supported by the 
common experience that too prolonged dialysis of a sol preparation 
renders it unstable; and by the successful reversal of the charge 
on sol particles by changing the ionic composition of the dispersion 
medium. It has long been known that a sol of silver chloride is 
positively charged when precipitated from solutions containing 
excess of silver, and negatively charged when excess of halide is the 
condition of precipitation. If the charges are assmned to depend 
on adsorption of (positive) silver ions, or (negative) halide ions 
these effects are to be expected. It has also been shown that the 
cathodic direction of cataphoresis of a silver sol can be reversed by 
the controlled addition of small amounts of aluminium salt to the 
sol; here adsorption of Al"’ ions is responsible for the change of 
sign from negative to positive. Experiments of this kind must often 
be disappointing since the sol becomes highly unstable in the inter- 
mediate region of low charge, and owing to coagulation fails to pass 
into renewed stability with opposite charge. 

There is a large and important class of colloids the particles of 
which secure their charge in a more direct way. When the simple 
anion or cation of a salt consists principally of a long carbon chain 
or other complex organic unit, these ions have a strong tendency 
to aggregate into bundles of high molecular weight and charge. 
Examples are the alkali metal salts of higher fatty acids (the soaps) 
while the sulphonates of high-molecular-weight paraffins form the 
chief constituents of modem ‘ wetting agents,* for this power of 
2^§gr^ation is always associated with a large effect on the surface 
tension of the dissolving medium. A number of dyestuffs have also 
this character. This dass of colloids is termed that of coUoidal 
electrolytes. Although the condensed ion, which may be an anion 
or a cation, is massive compared with simple ions, it possesses a 
correspondinj^y lugh dectric charge, and h^ce its mobility is not 
abnormal. CoUoidal electrol 5 rtes thus behave normally in experi- 
ments on their electrical conductivity, and show evidence of full 
ionization. On the other hand, the osmotic and cryoscopie be- 
haviour win depend mainly on the simple ions, for the aggregated 
ion has no more effect than any of the simple ions. The osmotic 
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effect of I gm.-moL of sodium stearate is almost wholly that of 
I gm.“atom of sodium ion. This salt will therefore behave in a 
cryoscopic experiment as though it were un-ionized. These 
apparently incompatible predictions are completely verified in 
experiments. Certain organic colloids behave as ampholytes. Thus 
the proteins can form salts either with acids or alkalis. Their 
particles contain many definite anion-forming centres (e.g^ —COOH), 
and cation-forming centres (e.g. — RNH2). The colloidtsd anion of 
the soaps can be dissociated by extreme dilution, but protein 
particles can be degraded into simpler parts only by chenlical action 
such as hydrolysis. The high electric charges upon the ^gregated 
ions of colloidal electrolj^es causes the attachment to the aggregate 
of large amounts of the aqueous dispersion mediuni: the\ particles 
are heavily ' solvated.' ' 

Froteetion. — ^The phenomenon of protection must also be men- 
tioned. It is found that certain sols, very sensitive to the coagu- 
lating powers of electrol5d:es, can be protected against their action 
by the addition of an organic colloid, chosen for its stability to 
electrolytes. Thus colloidal solutions of silver can no longer be 
precipitated by the addition of electrolytes if they contain a sufficient 
concentration of albumin. The explanation of this effect isi not yet 
definitely known, but it is supposed that the more sensitive colloid 
is enveloped by the less sensitive and thereby protected against the 
action of electrolytes. The waters of the Nile are supposed to afford 
an example of protective action. They are always muddy because 
the organic matter in colloidal solution protects the suspended clay 
from precipitation, but when the sea is reached the salts contained 
in it precipitate the clay as mud and a delta is formed. 

Ckdoor of Ctolloidal Stations. — ^The colour of sols is also worthy 
of attention. Many of them are bluish by transmitted and yellowish 
by reflected light for one of the same reasons that the sky is blue— 
the particles scatter the longer waves of the visible spectrum more 
than the shorter ones, which therefore preponderate in the trans- 
mitted light. But often the particles themselves show strong 
selective absorption of light, and then highly coloured sols may 
result, the colour depending not only on the nature of the substance, 
but also on the average size of the particles. Metallic sols may be 
prepared of almost any colour: fine red, blue, or green dispersions 
may be made from gold. 

Applicatioits Oolloid Ghemistry* — ^We caunot here give any 
extended discussion of the many applications of colloid diemistry 
in industry. Dyeing is essentially a colloid phenomenon, and con- 
siderable progress has been niade in explaimujg the theory of the 
process. It is at least certain that no single explanation wffi cover 
all the phenomena; if appears that the dye is sometimes chemically 
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combined with the fibre and sometimes adsorbed on its surface. 
The tanning process is another to which the principles of colloid 
chemistry have been successfully applied. Town water-supplies 
are invariably purified by filtration through beds of charcoal or 
sand on which the colloid particles are adsorbed. Finally, the 
study of life-processes is intimately connected with colloid chemistry. 
To take only two examples — ^the larger part of the oxygen dissolv^ 
in the blood is adsorbed on the surface of the corpuscles, and not 
dissolved in the ordinary sense; and bacteria behave as colloid 
particles and can be coa^lated by suitable precipitants. The field 
is so vast that generalization is difficult, but applied colloid chemistry 
is one of the sciences from which the most far-reaching practici 
results may be expected. 

Adsorption. — At this point it will be well to consider the pheno- 
mena falling under this head more fully. The fact that all solids 
must attract and hold to their free surfaces gases or substances from 
solution is the reason for many common precautions taken by the 
analytical chemist. Since the amount of material adsorbed is 
proportional to surface exposed all finely-divided substances are 
invariably deposited in a vacuum desiccator for some time prior to 
their being weighed for an analytical operation: to remove the film 
of water, crucibles are ignited and allowed to cool in a dry atmo- 
sphere before weighing. AU precipitates will adsorb material from 
solution, and due precautions must be adopted to minimize this 
inevitable effect. It is known that many gaseous reactions are 
arrested by ‘ intensive * drying (p. 215). It is highly probable 
that many of these proceed or originate on the walls of the containing 
vessel, and that the efficiency of that surface depends on its holding 
a film of water. Later we shall consider the fundamental part 
played by adsorption in surface catalysis (p. 289). 

Adsorptive equilibrium between a surface and the bulk phase 
from which adsorption is taking place is reached very quickly, 
provided the surface is not already covered with a firmly attached 
film. One of the chief difficulties in conducting satisfactory 
experiments to elucidate the process of adsorption lies in the 
elaborate technique essential to ensure ' clean * surfaces, and much 
tiine has in the past been wasted on researches in which this prime 
necessity has not received proper attention. By employing it as 
adsorbent one gram of a carefully prepared charcoal has been 
shown to expose a total surface of the order of 100 square metres. 
Nearly all this extent of surface is. of course, ‘ internal,' and due to 
the extreme porosity of the charcoal. It was natural that early 
experiments should be confined to the use of this adsorbent, since 
with it adsorptions are so large that they can easily be measured 
with simple apparatus. The quantity of gases taken up by charcoal 
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(for a given final equilibrium pressure) decreases sharply with rise 
of temperature, and so efficient is its adsorptive power when cooled 
by the aid of liquid air (—190® C.) that until recently this method 
provided one of the best and simplest means of obtaining a high 
vacuum. By a moderate rise of temperature, and the assistance of 
evacuation, gases adsorbed on charcoal (or on many other surfaces) 
can often be recovered unchanged and without loss. H has been 
observed, however, that when oxygen has condensed op charcoal, 
only a portion can be so easily regained. The remainder Ip liberated 
only at high temperatures and then as carbon monoxide. The 
same gas condensed on the surface of a tungsten filament (after it 
has been cleaned by * flashing ' at a very high temperature) can 
only be recovered by strong heating and in the form of volatilized 
tungsten oxide. Experiments of this type indicate that' at least 
in some cases the binding in the film is chemical m nature. It has 
become customary to term this kind of adsorption chemisorption, 
and it very probably plays the principal role in surface catalysis 
(p. 289). 

The Adsorption Xsotherm. — An adsorption isotherm attempts to 
express the relation between the concentration (or pressure) of the 

adsorbate in the exter- 
nal solution or ^as mix- 
ture, and the mass 
adsorbed per unit area 
of the adsorbent, at con- 
stant temperature. No 
single formula has been 
proposed that includes 
all the accumulated 
data, although simple 
equations can be derived 
if simplifying assump- 
tions about the consti- 
tution of the surface film 
are made. For example, 
it may be assumed that 
all sites for adsorption 
are equivalent in action, and that the known short range of the forces 
causing adsorption limits the thickness of the film to a single mole- 
cular layer, Langmuir was the firet to show that with these 
premises the relation between the pressure of the external gas and 
the fraction a of the surface covered with adsorbed gas is as follows: 

a^kpl{x-\^kp). {k is a specific constant.) 

This relation is shown graphically by the full cwve in Fig. 90, R 
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indicates (i) that amount adsorbed (proportional to the fraction 
of surface covered) is approximately proportional to the pressure 
at low pressures, and low adsorptions, (2) the surface reaches 
saturation^ beyond which increase of pressure can have no further 
effect upon the amount adsorbed. There is now no doubt that in 
the general case the amount adsorbed follows the broken line, and 
the general adsorption isotherm is S-shaped. However, propor- 
tion^ty between a and p at sufficiently low pressures is fully 
proved, and as in surface catalysis we probably are concerned only 
with changes proceeding in the adsorbed layer in immediate contact 
with the adsorbent the notion that this layer will attain saturation 
at some stage is significant. 

Adsorption Indicatonu — ^Of recent years the theory of adsorption 
has been made the basis of a new type of indicator, for which we 
are chiefly indebted to Fajans. We may take as an example the 
titration of silver salts with halides. A precipitate of silver bromide 
will adsorb either silver ions or bromide ions, according to which 
is in excess, and it will also adsorb the dye eosin, which is therefore 
used as an indicator in the titration of bromides with silver nitrate. 
The dye is adsorbed on the surface in addition to the ions, but if 
the silver ions are in excess the dye is adsorbed in the form of its 
silver salt, which is bright red, whereas eosin solutions are yellowish- 
rose. In the titration the eosin is added to the bromide solution, 
which appears yellow, and the silver solution is added from a 
burette. Just before the equivalence-point the colloidal silver 
bromide coagulates, as we should expect it to, and at the end-point 
the precipitate suddenly becomes bright brick-red as the first small 
excess of silver ions displaces the bromide ions from the surface. 
Chlorides can be titrated in a similar way with fluorescein, and 
methods have been worked out for other precipitation reactions. 
These methods are usually highly accurate even at great dilutions 
and have become very important. 

Heterogeneous Catalysis. — ^The chemical effects occurring at the 
interface between solids and gases or liquids give rise to the whole 
series of phenomena classified under the name of heterogeneous 
catalysis, a fact which sharply distinguishes it from homogeneous 
catalysis, and justifies its treatment under a separate heading. 
Originally put forward by Faraday, the theory of localized inter- 
facial action is no longer seriously in doubt, though the exact 
mechanism by which chemical change is brought about at the 
surface of the catalyst is incompletely understood. 

As an example of a highly active colloid catalyst we may take 
Bredig*s platinum solutions prepared by the arc method. The 
catalytic activity of a milligram of platinum in the colloidal con^ 
dition is enormously greater than the activity of the same mass 
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of metal in a solid lump. Such a solution will rapidly decompose 
hydrogen peroxide into water and oxygen, and will cause hydrt^en 
and oxygen to combine. The increased activity is due to the much 
larger surface of the catalyst, and it is found that the catalytic 
activity of platinum in the solid state is much increased by coating 
it with platinum black, a finely-divided form of the metal which 
gives the catalyst a rougher and consequently a larger surface. 
Bredig also found that his colloidal solutions were v^ sensitive 
to traces of certain impurities, such as hydrogen cyanide or arsenic 
salts, which reduced or even destroyed their catalytic power, a 
phenomenon which he called ' poisoning ' — by analogy with the 
somewhat similar effect of such substances on living organisms. 
There can be little doubt that these catalytic poisons \pwe their 
properties to the fact that they are more readily adsorbed on 
platinum than are the reactants of the catalysed reaction, which are 
consequently unable to reach the surface when the poisons are 
present. From approximate calculations of the minimum effective 
thickness of the poison layer it appears that a layer one molecule 
thick is sufiicient if it covers the whole surface of the catalyst; a 
result which in view of Adam's experiments on fatty acid films on 
water (p. io6) will cause no great surprise. 1 

The study of gas reactions in recent years has shown that a 
surprisingly large proportion of them are chiefly, if not wholly, 
heterogeneous, and take place on the walls of the vessel if no more 
effective catalyst is provided. The best way of testing the alleged 
homogeneity of a gas reaction is to fill the reaction vessel with 
sharp-edged fragments of the material from which the vessel is 
made, or to alter its size, and to see whether the reaction velocity 
is thereby affected when allowance has been made for any change 
in volume. The investigation of reactions in solution is more 
difficult, since the removal of dust particles from liquids requires 
a highly specialized technique, but interesting results have been 
obtained. Thus Rice has shown that the notoriously unstable 
substance hydrogen peroxide can be kept nearly unchanged for 
indefinite periods in concentrated solution if all floating impurities 
are absent, and that under these conditions its stabiUty is little 
affected even by heating. Commercial hydrogen peroxide always 
C3ntains preservatives or anticatalysts which retard its spontaneous 
decomposition; among the substances used for this purpose we may 
mention sulphuric acid, alcohol, ether, glycerol, acetanilide, and 
barbituric acid. The mode of action of such diverse compounds 
has always been a puzzle, and Rice's explanation that they merely 
poison the dust particles which act as heterogeneous catalysts by 
adsorption <hi their surface is almost certainly the correct one. 

Kto IbaiaetorMicii of Suiiace 0ata]3^«*^In spite of intensive 
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laboratory studies and the enormous multiplication of examples 
of this t3rpe of catalysis in industry, no generally acceptable theory 
of the process has been established; indeed, the opinion is growing 
that for such a wide range of diverse phenomena no single theory 
can be adequate. In practice therefore the selection of a catalyst 
for a given chemical change is largely a matter of trial and error. 
We must be content to present a summary of the outstanding 
features of this form of catalysis, followed by comment. 

(1) The chemical action is localized in the interfacial region 
where the reactants, and often the resultants also, are held 
for a period in direct contact with the catalyst surface. 

(2) If the reactants are present in this region in greater density 
than in the bulk gas or solution, this increase of concentration 
is not the cause of the catalysis. 

(3) The kinetic order in respect to the external pressure or con- 
centration in bulk is often zero, or a low fraction. 

(4) The alternate formation and decomposition of intermediate 
compounds of normal type cannot give a general explanation 
of catalytic reactions (cf. homogeneous catalysis, p. 214). 

(5) The energy of activation for a catalysed reaction is less than 
for the homogeneous (uncatalysed) reaction. (For the ex- 
planation of activation see p. 239.) 

(6) Reactants in contact with the catalysed surface adopt an 
ordered arrangement. 

(7) The activity of catalysts is highly specific, and the activity 
of mixtures is not usually predictable from the activities of 
the constituents. 

It is now generally conceded that heterogjeneous catalysis depends 
upon surface phenomena, and not appreciably on bulk dissolution 
of reactants by the contact substance. Nevertheless those effects 
on the physical form of the catalyst that might be expected from 
a vigorous bulk interchange with a gas phase are often actuahy 
observed. Ammonia is oxidized to nitric oxide, and sulphur dioxide 
to sulphur trioxide, by the joint agency of atmospheric oxygen and 
platinum. Each of these oxidations is the basis of very large-scale 
industrial operations for the manufacture of nitric and sulphuric 
^ids. In both processes the initially smooth, bright platinum 
surface is intensely roughened during the catalysis. In the nitric 
acid industry this effect has to be carefully control!^, for the rough 
nietal tends to oxidize the ammonia to nitrogen rather than to 
nitric oxide. If finely-divided platinum is deliberately used as 
catalyst hardly any nitric oxide is produced. On the adsorption 
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theory alone it is not easy to explain this important change of 
chemical reaction. The kinetics of many surface reactions, and 
particularly the ‘ poisoning ' effects of some of the products, can be 
rationally and simply explained by assuming that the reaction 
proceeds in an adsorbed film only one molecule thick, but this 
satisfactory result cannot be taken as proof of the unimolecular 
nature of the film. That adsorption films formed by a variety of 
substances on many surfaces at ordinary temperatures have more 
than this minimum thickness has been abundantly proved by joint 
measurements of surface area and amount of adsorption! With our 
present knowledge of molecular diameters it is easy to ascertain the 
order of magnitude of the molecular concentration (m a fully 
covered surface, and to show that such an increase of concentration 
could in no way explain the often enormous increase of reaction 
velocity effected by a catalyst. The law of mass-action (p. 113) 
proves that a zero order of reaction must be fictitious; such an 
experimentally determined order can only mean that in the mechan- 
ism of the reaction the concentration of the reactant associated 
with the zero order is held automatically constant. Such con- 
stancy would be achieved if the adsorption film were * saturated/ 
and therefore its concentration independent of the external pressure. 
A low fractional kinetic order would indicate that the film is main- 
tained near to the saturation point. It is difficult to see how these 
characteristic orders of reaction could be explained otherwise, so 
their common occurrence in heterogeneous catalysis strongly 
supports the adsorption hypothesis. The union of hydrogen and 
oxygen is strongly catalysed by many metals, and the action may 
be vigorous at temperatures far below the reduction point of any 
normal oxide of the metal. In such cases an alternate oxidation 
of metal and reduction of (normal) oxide is excluded. ' Surface ' 
hydrides and oxides formed by chemisorption (p. 288) are, 
however, commonly assumed to play the principal part in such 
changes. The basic feature of all examples of catalysis is the en- 
hancement of the reaction velocity at a given temperature. Many 
studies of the change of the velocity of catalysed reactions with 
temperature prove that the main cause of the increase of velocity 
is a diminished energy of activation. Some otherwise puzzling 
features of this type of catalysis can be explained when it is assumed 
that in the adsorbed film the reacting molecules are attached to 
defiiute sites in an orderly manner related to their rh^ynlral structure. 
Ihus it has been shown that in the dehydrogenatic^n of the lower 
ahst^ols (to produce aldehydes and hydn^en) in contact with 
^tq^per at 300^ to the alcohols undergo the change at nearly 
rates at the same temperature, llns result points to the 
Ocmdusion that these alcdhols are attached to the metal solely by 
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means of the group — CHgOH, which is also the part of the molecule 
actually changing. 

CHaCHjOH^CHaCHO+H^. 

The Use ot I^pic Ezch^e Reactions in Catalysis.— One of the 

chief obstacles to progress in elucidating surface catalysis has been 
a lack of sufficiently simple catalysed reactions. The discovery of 
‘ heavy ' hydrogen or deuterium has made possible the study of 
‘ exchange ' reactions, such as 

Ha+D2=2HD, 

H20+D20=2HD0, 

wherein the reactions are merely interplays between atoms nearly 
identical. When a mixture of hydrogen and deuterium is exposed 
to chromic cxide or finely-divided nickel at temperatures as low as 
—190® C. the exchange proceeds at a measurable rate, and is very 
rapid on gently-heated nickel. The homogeneous reaction requires 
temperatures at least as high as 600® C. A detailed and quantita- 
tive study of the catalysed reaction, especially the determination of 
the activation energy, has demonstrated that the reaction on the 
surface cannot be that shown in the above equation, but needs the 
intervention of atomic hydrogen and deuterium even at the very 
low temperature. The conclusion is that the dissociation accom- 
panies adsorption. The well-known pre-eminence of nickel as a 
hydrogenating catalyst is thus very probably due to its dissociating 
power for hychrogen. Much more investigation will be needed before 
a well-established theory of even this one type of surface catalysis 
can be expected. 

The Kinetic Order 0! Surface Reactions.-- It will be recalled that 
the law of mass action (p. 113) requires reaction rate to be expressed 
in the form 

Rate=k(C)“, 

where C is the concentration of the reactant at the seat of reaction. 
For a reaction proceeding solely at an interface, C is obvioudy 
synon3nnous with concentration in the adsorbed layer. Hence we 
can only learn the true order of a catalysed reaction from observa- 
tions on the change of external pressure if we already know the 
form of the adsorption isotherm, or we are confident that the 
observations have been made at such low pressures that adsorbed 
amount ^d pressure are proportional. As a probable example of 
the latter condition we may dte the decomposition of phosphine 
into its dements. This gaseous reaction is now known to proceed 
almost exclusivdy on the walls of the glass or siHca vess^ con- 
taining the reacting gas (p. 290), and a general study of the 
Sorbing powders of these solids proves that they are feeble, and 
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high pressures are required to produce a dense adsorbed layer. 
Hence the kinetic first order found from observations on the pressure 
almost certainly reflects the true order on the surface. The de- 
composition of nitrous oxide at moderate temperatures upon a gold 
surface is probably another example of the same sort. This latter 
case is of interest because decomposition of this oxide into its 
elements can also proceed homogeneously, but at higher tempera- 
tures. It is found to show the second kinetic order in tlhese circum- 
stances. On the surface we have reactions (i), and homogeneously 
reaction (2): \ 

NaO=N2+0; 0+0-0, \ (i) 

2N,0=2N,+02 . \ (2) 

Now it can be shown that (i) proceeding homogeneously would 
involve an increase of free energy, and in this case is therefore 
' forbidden.' The strong attachment of the oxygen atoms to the 
surface (whereon they subsequently unite in pairs and leave the 
surface) is a process associated with sufficient decrease of free 
energy to ensure that the reactions (i) can proceed spontaneously 
on the surface. It is common for a catalysed reaction to show an 
apparent zero order, or low fractional order of reaction. Two 
alternative conclusions are then possible: (a) the adsorption is feeble, 
and the true order is that found by pressure studies, (6) the ad- 
sorption is strong, and has reached saturation of the contact layer, 
wherein the concentration of the reactant is then held constant. 
As an example of this behaviour we may take the decomposition of 
ammonia into its elements on metallic surfaces, such as tungsten. 
That of the above alternative explanations we should choose (6) is 
indicated in this case by the fact that at very low pressures the 
apparent order rises sharply, and doubtless would ultimately reach 
the true order, if experiments did not become too difficult owing 
to the very low pressures required. Thus in general when the 
apparent order is fractional or zero we can hope to learn little about 
the reaction process on the surface imless experiments are extended 
to very low pressures. 

Bdsomng by the Products. — ^Most interesting results are obtained 
when the reactants or products compete for the surface of the 
catalyst. Hinshelwood and Prichard studied the velocity of 
the reaction COg+Hg-^CO+HgO (made irreversible by removing 
the water as it was formed) on a platinum catalyst; the diagram 
{Fig. 91) shows the type of curve obtained when the initial rate of 
reaction is plotted against the initial pressure of carbon dioxide at 
a fixed temi^rature, the initial hydrogen pressure being kept con- 
stant. It will be observed that the initial rate shows quite a sharp 
^aximum^ the explanation being that beyond this point the carbon 
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dioxide takes up so much of the available surface of the catalyst 
that the hydrogen cannot find room on it. The reaction velocity 
is therefore reduced, for we must 
presume that two molecules will 
only react when they find them- 
selves in adjacent positions on the 
catalyst. 

Heterogeneons Catalysis m In- 
dostry. — Some of the very numer- 
ous industrial applications of hetero- 
geneous catalysis will be discussed 
in the section on the inorganic com- 
pounds; such are the synthesis 
of ammonia, the oxidation of am- 
monia, and the contact process for 
sulphuric acid. Among the organic 
applications the most important 
is perhaps the use of finely-divided 
nickel as a catalyst for hydrogen- 
ation, investigated by Sabatier; 
this process is used on a very large 
scale in the soap and margarine 
industry for converting liquid 

oils into solid fats by combination with hydrogen under pressure 
in the presence of nickel. The principal disadvantages of catalytic 
methods in industry are the high cost of the catalyst, if one of the 
platinum group of metals must be used, and the necessity of purify- 
ing the reactants to avoid poisoning ’ of the catalyst ; ^ but the 
advantages of these methods are usually found to outweigh their 
defects. 
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In the eighteen-seventies chemical theory was at oncjs simpler 
and more firmly held than at any time before or since. Not only 
was it almost universally supposed that the existence of atoms was 
established beyond doubt, but they were held to be indestructible 
and of the same weight as other atoms of the same element— a point 
on which no direct evidence was available. In the following decade 
the closer investigation of the conduction of electricity through 
gases under low pressure indicated new and startling problems, 
whose solution required many years of experiment and speculation 
and is not yet in its final form. Progress in the early stages was due 
solely to the physicists, but later on the close connection of the 
subject with chemistry became evident, and modem progress has 
come from both directions. The work to be discussed in this 
chapter h very extensive and we shall not be able to preserve the 
chronological order. We may begin with the discovery of the 
electron. 

Catbodfi Say8.~Every one is familiar with the brilliantly coloured 
light produc^ by the passage of electricity through a discharge 
tube containing a gas under low pressure; it is noyv many years 
since these tubes were first used by advertisers, who seem to prefer 
the led neon light above all others. At an early stage of the in- 
vestigation of this discharge two types of ray were discovered 
in the tubes themselves: the cathode rays and the positive rays. 
The former started at the cathode and were projected in a direction 
perpendicular to the cathode surface: they travelled in straight 
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lines, cast definite 'shadows with no sign of diffraction, ,wouId pass 
through windows of thin metal foil, and if concentrated on an object 
by using a concave cathode would rapidly make it white-hot. They 
would blacken a photographic plate, caused certain substances to 
fluoresce, and endowed gases through which they passed with some 
power of conducting electricity. 

It was therefore deduced that cathode rays were material in 
nature, and consisted of streams of negatively-charged particles. 
The rays could be de- 


flected by magnetic or 
electrostatic fields, and 
by measuring the devia- 
tions produced it was 
found possible to calcu- 
late their charge and 
their mass. Both of 



these were found to be 


the same for every particle, whatever the nature of the cathode 
at which it originated or the rarefied gas through which it travelled. 
The charge is usually denoted by e, and is equal to the charge re- 
quired to deposit one atom of a univalent metal from solution. The 
mass was found to be about 1/1850 of the mass of a hydrogen atom. 

These particles were called electrons, and in these and subsequent 
experiments it was shown that electrons could be obtained from the 
atoms of all elements. The investigation of the positive rays 
proved more difficult, as homogeneous beams could not be obtained. 
The simplest apparatus in which the rays can be observed contains 
a perforated cathode through, which they stream from the direction 
of the anode: but for quantitative experiments the perforations are 
reduced to a single narrow passage in a copper tube. The apparatus 
devised by Sir J. J. Thomson, to whose brilliant researches we owe 
the first dear understanding of the positive rays, was the original 
form of the apparatus later improved by Aston, and now known as 
the mass-spectrograph; it will be described later in this chapter when 
we come to de^ with isotopes. By subjecting a narrow beam of 
positive rays to transverse electrostatic and magnetic fields. Sir. J. J. 
Thomson caused them to deviate from their original direction and 
then received them on a photographic plate. If, like the cathode 
rays, the positive rays consist of charged particles, the mass and the 
charge {dr rather the ratio of one to the other) can be calculated 
from the observed deviation of a partide of known velodty. Since 
the velodty is, in fact, by no means uniform, particles with equal 
values q| the mass to charge ratio wiU not be concentrated on a 
single q)ot on the photographic plate, but will be spread over a 
parabola Irom whose dimensions the ratio can be calculated. 
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Positive Kays.— In this way the positive rays were shown to 
consist of atoms and molecules from which one or more electrons 
had been removed, though on later occasions parabolas were 
obtained to which no satisfacto^ origin could be attributed. At 
the time of their discovery positive rays completed the chain of 
evidence which showed that atoms could be disintegrated into 
negatively-charged particles (electrons) of minute map and posi- 
tively-charged residues in which almost the whole mass! of the atom 
remained. In more recent years their study has taken us one stage 
further still in our investigation of the interior of the\ atom. Sir 

J. J. Thomsoms experi- 
ments provided \ the first 
proof for the ^sumption 
made since the beginning 
of the atomic theory that 
the atoms of some elements 
at least are individually as 
Fig. 93. Positive Rays ^ell as statistically equal 

in mass. 

At an early date attention was given to the range of cathode 
rays, that is, to the distance through which they codld travel 
through air or some other gas before they were absorbed, and to 
the thickness of metal foil which they could penetrate. This power 
of penetrating thin sheets of metal without perforating them, which 
had once been used as an argument against their material nature, 
was readily understood when measurements had been made of 
their mass, so small compared with that of the atom, and their 
very high velocity, often not much less than that of light. From 
the kinetic theory of gases and the known values of the (hameters 
of gaseous molecules it was possible to calculate how many molecules 
an electron would on the average encounter in its passage through 
a gas, and the results showed that by far the larger part of an 
atom must be transparent to electrons. It was even possible to 
estimate the diameter of that part of the atom through which the 
electron could not pass; this was found to be a minute fraction of 
Ae atomic diameter. We thus arrive at a picture of a small but 
impenetrable nucleus surrounded by a relatively large and nearly 
empty area, a conclusion entirely confirmed by the investigations 
of Lord Rutherford of the collisions between neutral atoms and 
positive particles. 

Seatteiliig of a^Kartfadea. — ^The discovery of radioactivity in the 
dosing years of the nineteenth century had provided a source of 

d tive particles more convenient than the discharge tube. It 
been shown that certain radioactive substances emitted streams 
of positive particles, called a-particles, which consisted of atoms of 
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helium from each of which two electrons had been removed, and 
which therefore carried a double positive charge. These particles, 
like cathode ra3rs, can penetrate very thin metal foil, and in so 
jning they suffer a succession of small deviations, so that a narrow 
beam, after passing through foil, will be to some slight extent 
spread out. The scattering can be predicted from the laws of 


Dkphr^I 

^ * Screen 




Screen 


Fig. 94. The Scattering of a-PARTicLES 

probability, and the observed values can be accounted for in this 
way, but certain particles are deflected through more than a right 
angle, and wfll strike a screen placed on the near side of the foil. 
The probability that the sum of a succession of small deviations 
should reach so large a value is, under the experimental conditions, 
vanishingly small, and it is concluded that these large and com- 
paratively rare de- ^ 

viations are due to Nucleus 

encounters between a- ^ 

particles and bodies of ^ ^ 

p^cle ^ 


small size (since these Track of CL 
encounters are infre- 
quent) but heavy charge (since the deviation 
produced is large). These are identical with 
the nucleus whose probable existence has been 
revealed by cathode ray experiments: by 
measurements of the deviations Rutherford 
was able to show that the positive charge on 
the nucleus, using the electronic charge as 
jmit, was about hdf the atomic weight of the 
metal of which the foil was made. 

aoParticle Tra(^ — Both cathode rays and a-particles have the 
power of ionizing gases through which they pass, that is, they split 
up the atoms with which they collide into negative particles (elec- 
trons) and positive particles. This property can be used to make 
the track of a-particles visible by C. T. R. Wilson's method, in 
which, by the sudden expansion of a gas saturated with water- 
vapour, drops of water are made to condense on any ions whith 
may be present. In this way the tiiack of the particle through the 


/ 

Fig. 95. Deflection of 

AN a-PARTICLE 
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of their atomic weights those of similar properties were separated 
by six places: 

Li Be B C N O F 
Na Mg A 1 Si P S Cl 
K Ca etc. 

Unfortunately Newlands associated his theory with somewhat 
fanciful allusion to the octave of the music^ scale! and it was 
coldly received: indeed the ironical suggestion was made that he 
should try the effect of arranging the elements in theWlphabetical 
order of their initial letters. Somewhat greater interest Was aroused 
by the classification independently put forward by ^e Russian 
Mendeleeff in 1869. Mendeleeff*s table contained several blank 
spaces which he assigned to elements at that time undiscovered, 
and he boldly predicted the properties of three of these elements 
on the basis of the properties of their neighbours in his classification. 
Within a few years the three elements were discovered, and a study 
of their properties showed that Mendeleeff *s predictions were abund- 
antly verified. Germanium, discovered in 1886, was described by 
Mendeleeff in 1871, fifteen years before its discovery, as an element 
with an atomic weight of about 72 and a density of about 5-5. 
Its oxide, of formula MO2, was to be a refractory white solid with a 
density of 47, and it was to be feebly basic; its fluoride MF4 was 
to be a liquid with a boiling-point below that of water and a density 
of 1*9. All these predictions were true, and others were made 
which were either true or nearly true of the then undiscovered 
elements scandium and gallium. 

Anomalies in the Periodic Classification. — From that time on the 
periodic table has been generally accepted, though, until Moseley's 
work and after, its significance was quite obscure. There were 
three anomalies in the table: 

(i) If the order of the atomic weights is taken, three pairs of 
elements fall out of order, and have to be interchanged, but if 
Moseley's atomic numbers are taken, this anomaly disappears. 

(ii) No satisfactory place can be found for hydrogen. 

{iii) The rare earth elements do not fit into the table, and have 
to be accommodated in a separate division of it. All these 
anomalies are in satisfactory agreement with modem theories 
of atomic structure. 

13ie Periodic TidUe. — ^Several methods of arranging the periodic 
table have been suggested : we reproduce one of the best. The figures 
are the atomic numbers, and the anomalous order of the atomic 
weights of the pairs K and A; Ni and Co; I and Te, should be 
veimed from the fable of atomic weights. The horizontal rows 



Groi^ Group Group Croup 



Thb Periodic Table (after Werner, 1905) 

The Rare Earth Elements. Atomic numbers 59 to 71 inclusive. 
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axe called periods, the first two the short periods, the others the 
long periods. The whole table is also divided vertically into groups 
numbered from O to VII, the first member of each group being an 
element of the first short period, as follows: 

Group O I II III IV V VI VII 

Element He Li Be B C N / O F 

The elements connected with these either vertically! or obliquely 
belong to the same group, so that Group I includes uL Na, K, Rb, 
Cs, Cu, Ag, and Au. The first two elements in Groups I to VII 
are called the typical elements of their group, and after these the 
left-hand branch is called Subgroup A, the right-hand branch 
Subgroup B. The elements enclosed by a dotted line wene called the 
transition elements, and are sometimes classified as Group VIIL 
The section labelled ‘ rare earths ' includes the thirteen elements 
with atomic numbers between 58 (Ce) and 72 (Hf), and is not classi- 
fied with any group, though often considered with Group HI. 
Lanthanum, cerium, hafnium, and (less correctly) thorium are some- 
times classified with the rare earths. In this book cerium, hafnium, 
and thorium will be included in Group IV, the reipainder in 
Group HI. 

The object of the periodic table is to bring out the similarity 
in chemical and physical properties between elements of the same 
group, and the gradual change in properties in passing up or down 
one group or in passing from one group to the next. Nearly all 
properties of the elements and their compounds are in some degree 
periodic, though there are important exceptions, such as the specific 
heat (p. 66) and the X-ray spectrum. It is not proposed to give 
an extensive discussion of these points here. The periodicity of 
properties is made the basis of the succeeding chapters, and the 
full meaning of the periodic table will be understood only when 
we have dealt with the phenomena of radioactivity and the 
theory of atomic structure. It should, however, be noted that 
the maxim^ valency of an element usually corresponds with the 
number of its group, so that in the long periods the valency series 
from I to VII is gone through twice: the v^ency of the metals in 
Group VIII variable. 

Badioactivity.— Becquerel, in the course of a study of fluores- 
cence, observed in 1896 that certain compounds of uranium emitted 
radiations which wotdd blacken a photographic plate wrapped in 
opaque paper and ionize the air in their neighbourhood. In the 
pl^evious year R5iitgen had announced the discovery of X-rays, 
wexe to play so important a part in atomic ph}^ic$, and 
radiations of all kfiown types were being eagerly investigated in 
the laboratories of the world. The inteninty of the radiating power 
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of uranium compounds was measured by the rate of discharge of 
an electroscope in the ionized air surrounding them, and Mme 
Curie showed this power to be a property of the uranium atom, 
or of some atom closely associated with it, since it appeared to be 
unaffected in magnitude by the state of chemical combination of 
the element, and depended only on the percentage of uranium 
which the compound contained. With some uranium minerals 
anomalous results were, however, obtained, and their radiating power 
was found to be greater than that calculated from their uranium 
content. A search was therefore begun for an unknown element 
present in uranium minerals, but absent from pure uranium com- 
pounds, to which the extra activity could be attributed. The 
impurities in the minerals under investigation included compounds 
of barium, and when the barium was precipitated as sulphate the 
whole of the additional activity was found to be concentrated in 
the precipitate. The separation of the new element from barium 
proved to be difficult, and methods of fractional crystallization of 
the salts, such as are used in the sepsu-ation of the rare earths, 
had to be resorted to. In this way it was possible to obtain the 
pure bromide of the new element : it was called radium. 

Isolation of Badimn. — ^The original process for the isolation of 
radium compounds is followed with some modifications at the 
present day. The uranium ore, from which insoluble impurities 
have been removed, is dissolved in dilute hydrochloric acid, and 
the barium and radium are precipitated together as sulphates. 
By prolonged boiling with constantly-renewed sodium carbonate 
solution these are converted to carbonates, which are then redis- 
soived in hydrochloric acid; The sulphate precipitation is then 
repeated once or twice until all the lead and calcium have been 
removed. Radium chloride is less soluble than barium chloride, 
which itself is not very soluble, and by fractional crystallization of 
the chlorides the radium compound can be obtained pure; some- 
times the bromides are used instead. Radium usually comes into 
commerce as bromide, which is always carefully dried and enclosed 
in sealed glass tubes, 

Ptoperties of Radium. — Whether in the metallic state or in 
combination, radium was found to possess properties which dis- 
tinguished it from ai known elements. Not only were its radiating 
powers enormously more powerful than those of uranium, but it 
gave out what appearai to be an inexhaustible supply of heat— 
niore than a hundxed calories per hour per gram of raffium. Still 
more astonishing was the fact that the rate of evolution of heat was 
entirely in^pendent of the temperature — ^the experiments ranged 
from —^50® C. to 1000® C.— a re^t which precluded the su^estion 
that a c^tonical change of the ordinary type was takii^ place. 
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Like uranium, radium was unaffected, as regards its radiating 
powers, by its state of combination, and the observed facts all 
pointed to some internal change in the atom as the source of the 
phenomena. 

The Radiation from Radium, — Investigation of the radiation 
showed that it was not homogeneous, and could be separated by 
the operation of a strong transverse magnetic field into three t 3 ^s, 
always denoted by the letters a, j 3 , and y. The a-ras^s^ere positive 
particles of feeble penetrating power 
travelling with a velocity of not more 
than 20,000 km. per sec., which, though 

3 very high compared with\ terrestrial 

Y speeds, is small compared with that of 
cathode rays or of light. In spite of their 
\\\/3 low velocity they were less deflected by 

a magnetic field than were the much 
Fig. 96. The Radiations faster j 8 -rays, and this indicated a greater 
FROM Radium in a momentum and consequently a much 
Magnetic Field greater mass. The range of the a-rays 

in air was less than 10 cm. , 

The j 8 -rays were found to be similar in every respect to cathode 
rays, and were in fact electrons moving with high velocity: their 
penetrating power, though greater than that of the a-rays, was still 
small. The y-rays were unaffected by a magnetic field and were 
at the time of their discovery correctly supposed to be radiation of a 
non-material nature similar to X-rays. We now know that both 
y-rays and X-rays differ from light only in their shorter wave- 
length; that of the y-rays is (wdth the exception of Millikan's 
' cosmic rays ') the shortest known for any type of radiation. Their 
penetrating power consequently exceeds that of the most pene- 
trating X-rays. 

The Dildntegration Theory* — Further study of the a-rays revealed 
a fact of altogether fundamental importance to the theory of 
chemistry. They were shown to be identical with the positive 
rays produced in helium discharge tubes, and to consist of helium 
atoms from which two electrons had been removed. This was 
jwoved not only by measurements of the ratio of charge to mass, 
but also directly by Rutherford, who enclosed a radioactive sub- 
stance in a very thin glass tube surrounded by an outer tube whose 
emtents could be spectroscopically examined by passing a spark 
dischar^ through them. In blank experiments It was shown that 
helium in the uncharged atomic state cbuld not leak from the 
hmer tube to the ^ace surrotmdiiig it. If the radioactive substance 
vw admitted to the inner tube and the outer tube was exhausted, 
after horns helium could be spectroscopically detected in 
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the latter: a-rays had penetrated the thin glass by virtue of their 
velocity and must therefore consist of charged atoms of helium. 
This was the first authentic proof of the disintegration of one 
element into another — ^it came rather less than a century since 
Dalton, in announcing the atomic theory, had stated that atoms 
were indivisible. 

For the examination of a-rays from radioactive substances an 
ingenious device called the spinthariscope is available. This consists 
merely of a screen coated with zinc sulphide or barium platino- 
cyanide, substances which emit flashes of light when struck by 
a-particles. Under suitable conditions these flashes can be counted 
with a microscope, and in this way the rate of emission of a-particles 
from a known mass of the substance can be calculated. If we 
assume that the rate of formation of helium from radium, like all 
other radioactive changes, follows the unimolecular law, it can be 
shown that radium is a comparatively stable substance: its half- 
life period (i.e. the period after which only half of the original 
quantity remains) is about sixteen centuries. Helium can scarcely 
be the sole material product of radium disintegration, and still 
another new element was detected in very small quantity in 1900 
by exposing a radium preparation to low pressure. It is a heavy 
gas (its density has been directly measured with a special balance) 
to which the name radium emanation or radon is given. It must be 
understood that the object of the reduced pressure is to remove 
the accumulated gas from the solid; the rate of production of 
emanation appears to be independent of external conditions. 

Radium and the Periodic Table* — ^The two new elements fit with- 
out difficulty into the periodic table. Radium has an atomic weight 
of 226 and an atomic number of 88; it closely resembles barium in 
properties and is obviously the heaviest member of Group II. 
The proof that radium is a true element is important, since it might 
otherwise be supposed that it was a helide of radon. The distinc- 
tion between radioactive disintegration and chemical change will 
be clearer when the structure of the atom has been considered. 
In emitting a helium atom with two positive charges radium has 
reduced the positive charge on its nucleus, and hence its atomic 
number, by two, so that we should expect the atomic number of 
radium emanation to be 86 and its atomic weight to be 226—4 
(the atomic weight of helium) =222. The experimental determina*^ 
tion of the atomic weight of emanation was very difficult, on account 
of the nainute quantities available, and the early results varied from 
220 to 223, but an examination of its chemical properties showed it 
to belong to the inert gas group, in which it follows xenon; its 
atomic number is, as anticipated, 86. 

The l^at produced by radium is the heat of dMntegration and 
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can be calculated per gram-atom when once the approximate rate 
of disintegration is known. The calculation shows that the change 
Ra->He-f RaEm evolves lo^^ calories, a figure so enormously in 
excess of ordinary heats of reaction that it alone would be sufficient 
to prove that the disintegration of radium was not an ordinary 
chemical change. Emanation itself decays much more rapidly 
than radium; it emits a-particles and produces radiu^ A, a solid 
element with an atomic number of 86—2=84, which brings it 
into Group VI, Subgroup B, in the place below tellurium. The 
rate of decay of emanation can be accurately measured, since it 
proceeds fairly rapidly, by observing the intensity of the radiation 
from a fixed quantity, and has been found exactly unimolecular, 
which provides further evidence, if any is needed, that some internal 
change in the atom is taking place. 

The Ifaadioactive Series. — Radium A, though a solid substance, is 
usually obtained in such minute quantity as to be invisible, but 
can readily be detected by the intense radiation it emits; its half- 
life period is only three minutes. Its disintegration products are 
helium and radium B, which, as would be expected, is an element 
of the fourth group. The further disinte^ation of this , substance 
into radium C is accompanied by the emission not of a^-rays, but 
only of jS- and y-rays. If the ^-ray electron has come from the 
nudeus, the positive nuclear charge has been increased by one 
unit, and the atomic number has gone up by one; instead of a 
displacement of two places to the left in the periodic table, such 
as accompanies an a-ray emission, we have a displacement of 
one place to the right, and radium C, with an atomic number 
of 83, appears to f^ in the place in the fifth group allotted to 
bismuth. 

There are obvious difficulties in the examination of the short- 
lived radioactive disintegration-products, and their existence is 
ususdly inferred from the shape of the disintegration-curve of the 
parent substance. If the product is comparatively long-Uved, this 
will approximate to the true unimolecular shape; if it deviates, 
the half-life periods of the products can be calculated from the 
deviations. In this way a complete disintegration series of radium 
has been established. Radium itself is a disintegration-product, 
through several intermediate substances, of uranium, whose half- 
life period, calculated by the spinthariscope method, is about five 
thousand million years. If radium were not continually being 
produced from uranium, the supplies of radium ixi the world would 
long since have disintegrated and vanished: the great scarcity of 
tte dmmt is due to the rapidity of its disintegration compared 
imik that of the p^ent demits. It can be shovm by calculation 
from the unimolecular disintegration fomiula tW in undisturbed 
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uranium minerals the ratio of radium to uranium ought to be a 
constant equal to the ratio of their half-life periods, and this is 
found to be correct. The ratio is about three million to one in 
favour of uranium, so the hope of discovering uranium minerals 
with large percentages of radium is illusory. Since the atomic 
weights of uranium and radium differ by about twelve units the 
intervening changes must involve the emission of three a-partides 
per atom. This would reduce the atomic number by 3x2=6, 
and since the actual change is only 92—88=4, two j8-ray emissions 
per atom must also have taken place. The immediate parent of 
radium was isolated in 1907; it is an element in Group IV, Subgroup 
A, which has been ^ven the name ionium^ and disintegrates into 
radium with the emission of an a-particle, the half-life period being 
about a hundred thousand years. 


Element 

Atomic 

Number 

Perio 

Group 

die Table 

Subgroup 

Atomic 

Weight 

Half-life 

Period 

Radia- 

tion 

Uranium I 

92 

VI 

A 

238 

5 X io» yr. 

a 

Uranium 

90 

IV 

A 

234 

24*5 days 

p 

Uranium X, 

91 

V 

A 

234 

1*14 min. 

p 

Uranium 11 

92 

VI 

A 

234 

3 X 10* yr. 

a 

Ionium 

90 

IV 

A 

230 

7*6 X io*yr. 

a 

Radium 

88 

II 

A 

226 

1590 yr. 

“ iP) 

Radium Emanation 

86 

0 

— 

222 

3*8 days 

a 

Radium A 

84 

VI 

B 

218 

3 min. 

a 

„ B 

82 

IV 

B 

214 

27 min. 

P.y 

*1 ^ 

83 

V 

B 

214 

20 min. 

P- V 

» C' 

84 

VI 

B 

214 

10"^ sec. 

a 

D 

82 

IV 

B 1 

1 210 

22 yr. 

P> Y 

E 

83 ■ 

V 

B 

2x0 

4*85 days 

P> Y 

„ F (Polonium) 

84 

VI 

B 

210 

135 days 

a 

„ G (Radium-lead) 

82 

IV 

! B 

206 

— 

— 


There is also a branch (not shown in the table) from radium C: it will be 
alluded to latex 312, 313). 


The Radium Series 

It will be observed that the emission of an a-particle cau^s a 
reduction of two in the atomic number and four in the atomic weight, 
while the element moves two groups to the left in the periodic 
fable. The emission of a ]8-ray , on the other hand, leaves the atomic 
weight unaffected but increases the atomic number by one and 
causes the element to move one periodic group to the right. The 
explanation of these changes has already been given, but it should 
be noted that the j3-rays emitted by radium itself do not have 
their ori^ in the nucleus and consequently do not aff^t the 
atomic number. Such secondary radiation is not a very general 
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phenomenon, though other examples are known. The atomic 
weights have been calculated by the considerations just outlined 
from the experimental values of uranium, radium, and radium G, 
which, as wHl shortly be shown, is a form of lead. It will also be 
noticed that y radiation is always associated with the expulsion 
of a jS-particle from the nucleus, and appears indeed to be caused 
by it. The chemical properties of these elements,/ in so far as 
they have been examined, are in agreement with (the positions 
assigned to them in the periodic table. \ 

Goer’s Law. — It is obvious that a half-life period such as io-“« 
seconds cannot be measured by observing changes \in radiation 
intensity. Our knowledge of such short periods duexo a relation 
discovered by Geiger between the velocity of emi^ion of an 
a-ray and the half-life period of the element emitting it, viz. the 
logarithm of the range of the a-ray (which depends on the velocity 
of emission) is for all elements in the same series a linear function 
of the logarithm of the half-life period. It is perhaps natural that 
rapidly disintegrating elements should emit their a-particles with 
high velocity, and the law has received a theoretical explanation. 

The Thorium Series. — A similar series of changes is undergone 
by the element thorium and its disintegration-products. The 
activity of thorium itself is comparable with that of uranium : the 
facts wiU be found in the following table: 


Element 

Atomic 

Periodic Table 

Atomic 

Half -life 

Radia- 

Number 

Group 

Subgroup 

Weight 

Period 

Hon 

Thorium 

90 

TV 

A 

232 

1*4 X lo^® 

a 

Mesothorium i 

88 

II 

A 

228 

years 

6'7 years 

jS 

M 2 

89 

Til 

A 

228 

6-1 hours 

P 

Radiothorium 

90 

IV 

A 

228 

1*9 years 

« (jS) 

Thorium X 

88 

II 

A 

224 

3*6 days 

a 

„ Emanation 

86 

0 

— 

220 

55 sec. 

a 

» A 

84 

VI 

B 

216 

0*14 sec. 

a 

.. B 

82 

IV 

B 

212 

10*6 hours 

y 

„ C 

83 

V 

B 

212 

I hour 

p 

„ C' 

84 

VI 

B 

212 

io~’ sec. 

a 

(Thorium-lead) 

82 

IV 

B 

1 

208 




The Thorium Series 


There is sOso r hraiich between Th C and Th D through an element 
Called Th (set pp. 312, 313). A third series of radioactive elements is 
Enown, including protactinium, atomic number 91, and passing through 
antrum, atomic ujamber 89, and other elements, to actinium D (actinium- 
^^d), atomic number 82, atomic weight 206, but they will not be discussed 
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Stracture ol the Atom* — ^At this stage it will be well to summarize 
the conclusions at which we have arrived as to the structure of 
atoms. 

(i) An atom consists of a dense, small nucleus, positively 
charged, in which almost the whole of the mass of the atom 
is concentrated, surrounded by electrons in comparatively 
empty space. 

(ii) The net positive char^ on the nucleus is equal (in electron 
units) to a quantity called the atomic number, the order of 
the atomic numbers being nearly, but not quite, the same 
as the order of the atomic weights. Since the atom is 
electrically neutral, the atomic number is also equal to the 
number of electrons outside the nucleus. 

(iii) If it were assumed that nuclei are composed entirely of protons 
and electrons, the atomic weight should be equal to the 
total number of protons in the nucleus. The fact that 
some atomic weights (e.g. chlorine, 35-457) deviate widely 
from whole numbers is a difficulty that we have not yet 
faced, 

(iv) Nuclei of naturally occurring elements of atomic number 
higher than 83 display radioactivity, which consists in the 
expulsion of charged particles from the nucleus, accom- 
panied by radiation of a non-material kind. 

(v) Elements arranged in the order of their atomic numbers 
show a periodicity in their chemical properties. In the 
three places where the order of the atomic numbers differs 
from that of the atomic weights, the former is the correct 
order — ^judging by properties — and the latter is not. This 
fact indicates that chemical properties depend rather on 
atomic number than on atomic weight. The atomic number 
is the number of electrons outside the nucleus, and since 
these are the only parts of an atom with which other atoms 
are likely to come in contact there is nothing surprising in 
this conclusion. 

(vi) A study of the radioactive elements appears to show that 
at least in this part of the table two or more elements can 
share the same atomic number or the same atomic weight. 
This conclusion is altogether contrary to the tenets of 
nineteenth-century chemistry, but it was verified by Soddy 
in 1914. 

Atmfie ot Lead* — An extoiination of the thorium and 
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radium series in the light of the periodic table suggested that the 
final product of each was lead. The available quantities of pure 
material were far too small for the direct determination to be made, 
but lead was found associated with both uranium minerals and 
thorium minerals, a circumstance which itself suggested a radio- 
active origin. The atomic weights of both radium and thorium 
were known with a satisfactory degree of accuracy, and the atomic 
weight of lead derived from them could readily be calculated on 
the disintegration hypothesis. Between radium and! radium G 
(the hypothetical radium-lead) five a-particles are ejected per 
atom, so the atomic weight of the latter should be 226— 6 x 4=206. 
Between thorium and thorium D (' thorium-lead *) six W-particles 
are ejected per atom, so the atomic weight of lead demved from 
thorium should be 232-I— 6x4=2o8*i, a difference \ of more 
than two units which should be verifiable by experiment. The 
determination was undertaken by Soddy in England, H5nig- 
SCHMID in Vienna, and Richards in America, and all the results 
were in agreement with theory. The highest atomic weight so 
far recorded for lead is 207-9, measured by Hdnigschmid, using 
lead from a Norwegian thorium mineral; the lowest is 206-0, also 
measured by Konigschmid on lead from pitchblende, a uranium 
mineral. I 

laotopes^ — The facts showed that lead could exist in two forms 
of different atomic weight but identical chemical properties and 
atomic number, and contemporary theoiy suggested that the atoms 
differed in the total number of positive charges and the total 
number of electrons in the nucleus, the net positive charge on the 
nucfeus being the same for each. The atomic weight of ordinary 
lead is 207-22, but the closest investigation failed to detect any 
difference in the chemical behaviour of the three forms. Attention 
was also given to those elements of the radioactive series which 
had the same atomic number and could be obtained in quantity 
sufficient for investigation. Such pairs of elements were radium 
and mesothorium i, both with atomic number 88, and thorium and 
ionium, with atomic number go. They were shown to have identical 
chemical properties but different atomic weights, and for such 
substances Soddy proposed the name isotopes. They differ in 
properties, such as density or radioactivity, which depend on the 
dimensions of the nucleus, but are identical in all properties depend- 
ing -on the extranuclear electrons, including chemical properties, 
atomic volume, electrode potential, and X-ray spectrum. The 
possible number of isotopes with a given atomic number is by no 
maans limited to two; lead, for example, includes not only radium G, 
wth atomic weight 206, and thorium D (208), but also radium D 
laxo), thoiium B (21a), and radium B (2X4). When discussing the 
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radium series we pointed out that there was a branch at radium C. 
In addition to its transformation into radium C' by the loss of 
a /9-particle, another ch^ge can be undergone by radium C, in 
which it loses an a-particle and becomes radium C*", an element 
with a half-life period of two minutes which disintegrates with 
the loss of a jS-particle into rachum D. It has been shown that out 
of 10,000 atoms of RaC disintegrating only 4 atoms lose an 
a-particle to give RaC'". By either route one a-particle and one 
j3-ray are involved, and RaD (210) is the common product. Alter- 
native transformations are not always so disparate, for 65 per 
cent of ThC gives ThC' by j8-ray change, and 35 per cent gives 
ThC'' by loss of an a-particle. The stable and inactive thorium-lead 
(ThD, 208) is finally produced by each route, ThC' losing an 
a-particle, and ThC" suffering a jS-ray change. It is now thought 
that alternative behaviour of the kind shown by RaC and ThC is 
not conditioned by any structural difference or ‘isomerism* in the 
nuclei, but by a difference of energy states. 

The llass-apectrograplL — Since lead, which has no radioactive 
properties, exists in isotopic modifications, it is reasonable to 
suppose that the occurrence of isotopes is not confined to the 
radioactive elements and will be found in other parts of the periodic 
table. The chemical properties of isotopes are identical, so that 
chemical methods of separation are useless, and since a century of 
atomic weight determinations had brought to light no element, 
with the single exception of lead and the radioactive substances, 
whose atomic weight was not invariable, this method of attack 
seemed equally unpromising. Successful separations of isotopes 
will be discussed shortly, their detection can be accomplished by 
a modification of Sir J. J. Thomson’s original a-ray method {p. 297). 
In describing that method we mentioned that a few of the results 
had received no satisfactory explanation; among them was the 
trace of a particle in neon tubes with a ratio of mass to charge of 22. 
The suggestion that this was due to carbon dioxide molecules 

(from stop-cock grease) with a double charge =22^ was disproved 

by cooling the gas with liquid air, which removed the carbon dioxide 
particle with a single charge (44) but left the line at 22 unaffected. 
It was therefore suggested that this trace was due to an isotope of 
neon with an atomic weight 22 : on this hypothesis ordinary neon, 
whose atomic weight is 20* 183, is a mixture of isotopes of atomic 
weights 20 and 22, with perhaps others as well. Similar considera- 
tions could be applied to other elements, but for this purpose an 
apparatus was required in which the ratio of mass to charge could 
be detertnined with great accuracy. This was constructed by 
Aston, to whmn we owe much of our knowledge of isotopes: it is 
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an improved form of the apparatus used by Sir J. J* Thomson and 
is called the ma$s-specirograph, ' ^ 

The discharge tube has an aluminium cathode (earthed) with a 
central perforation through which stream the positive rays. The 
beam is reduced to a thin ribbon by two very fine slits in aluminium 
blocks. In order to minimize collisions between the positive rays 
under investigation and other gas molecules, which confuse the 
results, the pressure in the space between the cameta and the 
discharge tube is kept as low as possible by means of two charcoal 
tubes cooled in liquid air, one connected to the camera, the other 


.Photographic 


To Earth 

Slits 



Charcoal-^' 

cool^with 
il^d air 


Electromagnet 



Cathode 

'Charcoal 
cooled with 
liquid air 


Anode 1 

Fio. 97, Aston's Mass-spectrograph (Diagrammatic) 1 


betw^ the slits. The discharge tube itself, after a little of a 
volatile compound of the element to be examin^ has been admitted 
to it, is evacuated with a mercury pump until only a trace of the 
contents remains. After passing the slits the beam is subjected 
to electric and magnetic fields, not transverse, as in Sir J. J. 
Thomson's apparatus, but in opposite directions. These fields 
produce a deviation, which can be measured from the photographic 
plate at the end of the apparatus, and from which the ratio of mass 
to charge can be calculated, with the help of the trace of a reference 
element such as oxygen, by a somewhat complicated procedure 
which we will not describe here; full details will be found in Aston's 
book on Isotopes, Different isotopes of the same element, since 
their positive particles have not the same masses, will clearly 
strike the plate in different spots. 

Many metals have no sufficiently volatile compounds lor use by 
this method. This difficulty can be overcome by fusing a salt 
of the metal on the anode itself, which is made of platinum foil 
and is strongly heated by sn independent current. The positive 
parti^es obtain^ in this way from metallic salts are simply the 
paitides which in solution are called ions. The necessity of using 
^ hot an^e apparatus can, however, often be avoided with the 
of such ^bstandes as boron trifluoride, arsine, or iron carbonyb 
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All volatile compounds sufficiently decomposed in the discharge 
tube to furnish a supply of positive particles. 

Results have also been obtained in America by Dempster, using 
a mass-spectrograph of different design in which the intensities 
of the spots caused by different isotopes, and hence the relative 
abundance of each in the element, can be measured electrically. 
In the following table are given the latest values of the atomic 
weights of all the elements, together with the mass-numbers of all 
the isotopes which have been detected up to the time of writing, in 
the order of their abundance. The mass-number of an isotope is 
the nearest integer to its atomic weight. Rare isotopes are in 
brackets, and isotopes of the radioactive elements are not 
included. 


Atomic Numbers, Atomic Weights, and Isotopes 


Atomic 

Number 

Element 

Symbol 


Isotopes 

1 

Hydrogen 

H 

I -0080 

1. (2) 

2 

Helium 

He 

4-003 

4. (3) 

3 

Lithium 

Li 

6*940 

7. ( 6 ) 

4 

Beryllium 

Be 

9-013 

9 

5 

Boron 

B 

10*82 

II, 10 

6 

Carbon 

C 

12*011 

12. (13) 

7 

Nitrogen 

N 

14*008 

14. {15) 

8 

Oxygen 

0 

16-00 

16, (18, 17) 

9 

Fluorine 

F 

19*00 

19 

10 

Neon 

Ne 

20*183 

20. 22, (21) 

II 

Sodium 

Na 

22*991 

23 

12 

Magnesium 

Mg 

24*32 

24, 25, 26 

13 

Aluminium 

A1 

26*98 

27 

14 

Silicon 

Si 

2809 

28, (29, 30) 

15 

Phosphorus 

P 

30-975 

31 

16 

Sulphur 

S 

32*066 

32, (34. 33. 36) 

17 

Chlorine 

Cl 

35*457 

35. 37 

18 

Argon 

A 

39*944 

40. (36. 38) 

19 

Potassium 

K 

39*100 

39. (42. 40) „ 

20 

Calcium 

Ca 

40*08 

40, (44, 42, 48, 43, 46) 

21 

Scandium 

Sc 

44*96 

45 

22 

Titanium 

Ti 

47*90 

48, 46, 47, 49, 50 

23 

Vanadium 

V 

50-95 

51 

24 

Chromium 

Cr 

5201 

52. 53. (50. 54) 

25 

Manganese 

Mn 

54-94 


26 

Iron 

Fe 

55-85 

56, (54. 57. 38) 

27 

Cobalt 

Co 

58-94 

59, (57) 

28 

Nickel 

Ni 

58*7* 

58, 60, (62, 64, 61) 

29 

Copper 

Cu 

63-54 

63. 65 

30 

2^ me 

Zn 

65-38 

64, 66. 68, (67, 70)- 

31 

Gallium 

Ga 

69*72 

69. 72 
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Atomic 

Number 

Element 

Symbol 

32 

Germanium 

Ge 

33 

Arsenic 

As 

34 

Selenium 

Se 

35 

Bromine 

Br 

36 

Krypton 

Kr 

37 

Rubidium 

Rb 

38 

Strontium 

Sr 

39 

Yttrium 

Y 

40 

Zirconium 

Zr 

41 

Niobium 

Nb 

42 

Molybdenum 

Mo 

43 

Technetium 

Tc 

44 

Ruthenium 

Ru 

45 

Rhodium 

Rh 

46 

Palladium 

Pd 

47 

Silver 

Ag 

48 

Cadmium 

Cd 

49 

Indium 

In 

50 

Tin 

Sn 

51 

Antimony 

Sb 

52 

Tellurium 

Te 

53 

Iodine 

I 

54 

Xenon 

Xe 

55 

Caesium 

Cs 

56 

Barium 

Ba 

57 

Lanthanum 

La 

58 

Cerium 

Ce 

59 

r^aseodymium 

Pr 

60 

Neodymium 

Nd 

61 

- 


62 

Samarium 

Sm 

63 

64 

Eurc^um 

Gaddinium 

Eu 

Gd 

H 

Terbium 

Tb 

66 

Dysprosium 

Dy 


Holmium 

Ho 


Erbium 

Er 


Thulium 

Tm 


Ytterbium , 

Yb 


Atomic 

Weight 

Isotopes 

72*60 

74, 72, 70, 73, 76 

74*91 

75 

78-96 

80, 78. 76, 82, 77, (74) 

79-916 

79, 81 

84, 86, 82 and! 83, (80, 78) 

83-80 

85-48 

85, 87 1 

87-63 

88, 86, 87, (844 

88-92 

89 ^ 

91-22 

90, 92, 94, 91, V96) 

92-91 

93 \ 

95-95 

(99) 

98, 96, 95. 92. 94. 97, 100 

IOI*I 

102, lOI, 104, 100, 99, 96, 

(98) 

102*91 

103, (lOl) 

io6*4 

106, 108, 105, no, 104, 
(102) 

107*880 

107, 109 

112*41 

II4, II2, III, no, 113, 

1 116, (106, 108) 

114*82 

II5. (II3) 

118*70 

120, 118, 116, 119, 117, 
124, 122, (112,114, II5) 

121*76 

I2I, 123 

127*61 

130, 128, 126, 125, 124, 
(123, 122, 120) 

126*91 

127 

131*30 

132, 129, 131, 134, 136, 
130, (128, 126 and 124) 

132*91 

133 

137*36 

138, 137. 136, 135. (134. 

132, 130) 

138*92 

139 

140*13 

140, 142, (136. 138) 

140*92 

141 

144*27 

142, 144, 146, 143, 145, 
148, 150 

150*35 

152, 154, 147, 149, 148, 

150. (144) 

1520 

151. 153 

157*26 

158, 160, 156, 157, 155, 

158*93 

(154, 132) 

159 

162*51 

164, 162, 163, 161, (160 
158) 

164*94 

165 

167*27 

166, 168, 167, 170, (164, 

168*94 

t6a) 

169 

173*04 

*74. 17 *. 173. 17 *. >76' 
(170. 168) 



RADIOACTIVITY AND ATOMIC STRUCTURE 317 


■ 

Element 

Symbol 

Atomic 

Weight 

Isotopes 

7 ^ 

Lutetium 

Lu 

174-99 

175 

72 

Hafnium 

1 

Hf 

178-5 

180, 178. 177, 179. 176, 
(174) 

73 

Tantalum 

Ta 

i8o*95 

181 

74 

Tungsten 

W 

183*86 

184, 186, 182, 183, (180) 

75 

Rhenium 

Re 

i86*22 

187, 185 

76 

Osmium 

Os 

190*2 

192. 190, 189, 188, (187, 
186, 184) 

77 

Indium 

Ir 

192*2 

I 93 » 191 

78 

Platinum 

Pt 

195*09 

I 95 » 194, 196, 198, (19*) 

79 

Gold 

Au 

197*0 

197 

80 

Mercury 

Hg 

200*6i 

202, 200, 199, 201, 198, 
204, (196) 

81 

Thallium 

T 1 

204*39 

205, 203 

82 

Lead 

Pb 

207*21 

208. 206, 207, (204) 

83 

Bismuth 

Bi 

209*00 

209 

90 

Thorium 

Th 

232*05 

232 

92 

Uranium 

U 

238*07 

238, ( 235 > 234) 


Uses ol the Uass-spectrograph.— mass-spectrograph is now 
so accurate (one part in ten thousand of mass) that it is used in 
analysis, e.g. of the traces of impurity present in copper to be 
used for electrical work. It also rivals chemical methods of atomic 
weight determination, and has two advantages over them: the 
atomic weight is determined directly, not through the equivalent, 
and the results are not affected by traces of impurity. But sin^ 
elements of which isotopes exist are mixtures of these isotopes in 
constant proportions, the relative proportions of each isotope 
must be known before the chemical atomic weight can be calculated 
from the mass-spectrograph results. Thus if the numbers of 
chlorine atoms with atomic weights 34-980 and 36-978 are as a 

to 6, the atomic weight is 9 . 7 !! ., and the ratio of a to 6 

must be known before this can be evaluated. It was at one time 
supposed that with the single exception of hydrogen ^ isotopes 
'had integral atomic weights on the oxygen scale. This integer was 
called the mass^umber. Recent refinements in technique have 
shown this to be untrue, but the atomic weights are all very close 
to whole numbers. The weakest link in the calculation of atomic 
weights from the results of the mass-spectrografii is the measure*** 
ment of the relative intensity of the spots on the photographic 
plate due to each isotopei but accurate results have neverthdess 
been obtained. The atomic weight of beryllium was formerly 
given as 9*1, but the mass-spectrograph showed this dement to 
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have no isotopes and to be of mass-number 9. Revision of the 
chemical method gave the value 9*02- Similarly the former value 
of 120-2 for the atomic weight of antimony could not be reconciled 
with the existence of two isotopes of mass-numbers 121 and 123 
and approximately equal abundance: the new value, as determined 
by chemical analysis, is 121-76. Other examples could be 
given. I 

It can now be understood how it is possible for difterences to 
occur in the order of the atomic numbers and atomic waghts: how, 
for instance, argon can have a lower atomic number thaii potassium 
but a higher atomic weight. The isotopes of argon hja.ve mass- 
numbers 36, 38, and 40, but the last is so enormously morelabundant 
that the atomic weight is 39*944. The mass-numbers of the potas- 
sium isotopes are 39, 41, and 40, but in this element th6 lightest 
isotope greatly predominates, and the atomic weight, 39-100, is 
considerably lower than that of argon. 

Atomic Number and Atomic Weight.— The discovery of isotopes 
has reduced the significance of atomic weights. The most important 
constants of any individual atom are its mass-number and its 
atomic number, determining respectively its mass and its chemical 
properties (and to a great extent its physical properties jas well). 
The chemical atomic weight is a statistical mean not expressing the 
mass of any actual atom unless no isotopes exist, and depends only 
on the relative proportions of the isotope mixture. It is a remark- 
able fact that if we exclude lead, which is unique in being partially 
derived from radioactive elements, there is little evidence that 
this proportion is not constant for all elements. We must sup- 
pose either that the isotopes of all elements have been, in the 
course of ages, so thoroughly mixed that it is now impossible to find 
any trace of local excess, or that all elements have been produced 
by processes which result in a mixture of isotopes in constant pro- 
portions. Even the elements present in meteorites, which probably 
have their origin outside the earth, have atomic weights indis- 
tinguishable from those familiar to us. Among terrestiid elements 
the most refined measurements, both before and after the discover 
of isotopes, have failed to bring to light the smallest difference in 
the atomic weights of different samples. The importance of atomic 
weights in chemical calculations is therefore quite unaffected by 
recent discoveries. 

ItobafS* — ^To elements with the same mass-numbers but different 
aiomie numbers the name isobars is given. An example is afforded 
by the most abundant isotopes of argon and calcium (mass-numbers 
botli 40, atomic numbers 18 and 20 respectively). The ejection 
of a j8-ray always results in an isobar, since the mass of the nucleus 
Is thorehy unaltered^ To preserve the electrical neutrality of the 
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atom an electron must be obtained from the surroundings; it does 
not, however, reach the nucleus but remains in the outer parts of 
the atom, '^e ejection of an a-particle causes a reduction of two 
in the atomic number, and is accompanied by the loss of two 
electrons from the outer parts of the atom. The expidsion of a 
j8-ray might be lUcened to the formation of a univalent positive 
ion from a metaMc atom, since in both the atom loses an electron 
and hence acquires unit positive charge; but the processes are 
essentially unlike, since in the first the electron comes from the 
nucleus, in the second from outside it. This can be proved by 
examination of the products of such changes, for radioactive, 
elements are known which can lose electrons either as jS-rays or in 
the formation of positive ions, but the products are not isotopic. 
This is one of the reasons for believing that the j8-rays do come from 
the nucleus and not from outside it. 


The isobaric isotopes have already received attention (p. 313). 

Sep^tion of Isotopes. — It is certainly a remarkable fact that 
lead is the only element oi which naturally-occurring samples of 
different atomic weight are known, and these abnormal samples uf 
radioactive origin are but a small proportion of the total supplies 
of the element. To separate the isotopes of other elements we 
have to rely on differences in properties, and apart from radioactive 
properties (if any) and minute differences of spectrum only density 
differences are available, together with properties such as rate of 
diffusion or evaporation which depend on density. The first 
attempts at separation were directed to gaseous elements whose 
isotopes were known to have fairly large percentage differences in 
mass-number and to be present in reasonable proportions — ^i.e. 
neon (20 and 22) and chlorine (35 and 37). The rate of diffusion 
is proportional to the square root of the molecular weight, and 
consequently in any one diffusion operation only a very small 
separation is achieved, but by long-repeated fractional diffusion 


Aston was able to separate neon in 1913 mto two tractions of 
density 20*15 20*28, in spite of the accidental loss of the whole 

oi the lighter traction at an advanced stage ot the work. This 
was the first artificial separation of an element into its isotopes; 
hke many subsequent separations it was incomplete, but the 
difierence was too large to be accounted for by experimaital error. 
In the following years Harkins in America partially separated the 
isotopes of chlorine by the fractional diffusion of hydrogen chloride. 
He passed no less than 19,000 litres of gas through the apparatus 
and so was able to secure highly fractionated samples in sufficient 
quantity to measure their density. The density of the heavier 
fraction was 0*1 per cent above riie normal. 

Anoriier separation method which has been appUed with suooess 
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depends on fractional evaporation. The molecules escaping from 
a Uquid are condensed on a glass surface cooled with liquid 
air and kept about a centimetre above the liquid. The lighter 
molecules tend to evaporate first and preponderate in the liquid 
condensed. BrOnsted and von Hevesy applied this method to 
the slow evaporation of mercury at 40® to 60® in a high vacuum 
and obtained a density difference of one part in two . thousand, 
and also worked on aqueous solutions of hydrogen chloride at —50°. 
The atomic weights of the chlorine contained in the two samples 
differed by 0*02. Harkins and Mortimer also produced a sample 
of mercury whose atomic weight differed by 0*189 Ifrom that 
of ordinary mercury. \ 

Badioaotive Indicators. — ^Paneth and von Hevesy hav^ worked 
out ingenious methods by which the radioactive isotop^, which 
can be detected in the minutest quantities with the electroscope, 
are used to indicate the presence of the inactive elements with 
which they were originally mixed. Thus if the soil in which a 
plant is growing is impregnated with a compound of lead containing 
a Uttle thorium B, it is possible to follow the lead through the plant. 
In the same way the existence of a volatile hydride of bismuth has 
been inferred from the activity detected in the gas from a Marsh 
apparatus containing compounds of bismuth mixed with a little 
thorium C. If lead nitrate containing a little thorium B is dis- 
solved in pyridine and mixed with a p3nidine solution of inactive 
lead chloride, the isotope distributes itself impartially between the 
chloride and nitrate radicals when these are separated, thereby 
showing that a free exchange of lead ions must take place between 
them. This has been advanced as a confirmation of the ionic 
theory. 

The extreme sensitiveness of the tests for these substances has 
been used in the determination of the solubility of the insoluble 
salts of lead. The weight obtained by the evaporation of a saturated 
solution is estimated with the electroscope, 

Aftifldal IMntegration ol the — Radioactive disin- 

tegrations cannot be accelerated by any means yet discovered, but 
after the nature of the disintegration process had been grasped a 
search was made for weapons with which to attack the nuclei of 
non-radioactive elements. The a-pafticle was the most promising, 
for though its velocity is less than that of the jS-particle yet its 
momentum and kinetic energy are much greater. Elements were 
. tteafore exposed to bombardment by a-partkles fixm a radioactive 
source, and the first artificial disint^ation of an element was per- 
formed in 1919 by Rutherford. 

The apparatus was very simple. A little radium C, the source 

the a-partides, was mounted m the end of a movabfo rod A, 
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which also carried, at B, some foil of the metal to be investigated, 
or one of its compoimds in powdered form in the case of a non- 
metal. Gases cotdd be examined by removing B and jilling the 
chamber with the gas. The ) 5 -rays were deflected by a magnetic 
field, but the positive particles traversed a window C where mica 
plates could be inserted of stopping power equal to a known dis- 
tance in air. The impact of the particles on a zinc sulphide screen 
at D was then observed with a microscope. In more elaborate 
forms of the apparatus the positive rays emitted by B in other 
directions could be examined. 



Fig. 98. Artificial Disintegration 


The a-particles emitted by any one radioactive substance have 
a definite range (p. 310) ; about 7 cm. for radium C. Consequently, 
if the chamber is evacuated and the radium C is moved farther 
than 7 cm. from C, no scintillations will be observed on the screen. 
If now hydrogen is admitted, scintillations are once more visible 
and the effective range is about 28 cm. The positive particles 
now passing through the window are not helium nuclei (a-particles) 
but hydrogen nuclei with which these have collided: since the 
hydrogen nucleus is only about a quarter as heavy as the helium 
nucleus, the former acquires from the collision a velocity greater 
than that of the particle which strikes it. If now the hydrogen 
is replaced by nitrogen, positive rays are obtained with a still 
greater range — about 40 cm. of air. These are supposed to consist 
of hydrogen nuclei which have been detached from the nitrogen 
nucleus, and this has been confirmed by deflection experiments of 
the usual type. The extra range of these particles as compared 
with those from hydrogen itself is due to the energy obtainable 
from the disintegration of the nitrogen nucleus, some of which is 
communicated to the newly-released hydrogen nucleus. With 
other gases, such as oxygen, Rutherford was unable to detect any 
hydrogen nuclei. The oxygen nucleus is much heavier than thee 
helium nucleus, hence the effective range is not increased by simple 
collisions. Moreover, in disintegration nearly as many positive 
particles aie emitted backwards as forwards, but this does not 
occur when a nucleus is propelled as a whole. 

ot In 1922 Blackett succeeded in photo- 

graphii^ the track of a-particles before and aftcsr collision by an 
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application of C. T, R. Wilson's condensation method. In this way 
it is possible to investigate the fate of the a-partide by which dis- 
integration is brought about. Fig. 99 is a reproduction of a photo- 
graph taken by Blackett in nitrc^en. The path of the a-particle 
that has suffered collision ends in a double, not a triple fork. One 
branch represents the hydrogen nudeus that has been expelled, the 
other the residue of the disintegrated atom, in which tl^ a-particle 

■ must now be included. Tnt nucleus 
of this atom has lost one positive charge 
with the hydrogen nudeus amd gained 
two from the a-particle: iis atomic 
number has therefore increased by one, 
while its mass-number ha^ increased by 
4— 1==3. One of the products of the dis- 
integration of nitrogen by an a-particle 
would therefore appear to be an isotope 
of oxygen: mass -number 17, atomic 
number 8. For many years it was be- 
lieved that oxygen had no isotopes, since 
the most careful search with the mass- 
Bypmms5to»of Pr^,Bia^iU spcctrograph revealed none, but recent 

Fio. 99. a-PARTicLE Tracks 

IN Nitrogen shown that oxygen does contaun small 

quantities of isotopes. The existence of 
isotopes leads to doublets in the infra-red absorption spectrum, and 
by this means it has been shown that the oxygen isotopes have the 
mass-numbers 17 and 18, and are present to the extent of four parts 
in ten thousand and two parts in one thousand respectively. This 
proportion is too small to hie capable of detection by the mass-spectro- 
graph, but it involves a significant change in the ratio of the chemical 
atomic weights of oxygen and hydrogen. The change in this ratio 
is slightly more than one part in ten thousand. Isotopes of carbon 
and nitrogen have also been detected by the spectrum method. 
Like those of oxygen, they are present in very small proportions. 

HaiifarottS and Posafrona. — ^Until 1930 there existed no convincing 
evidence that matter was composed of units other than the charged 
particles, electrons, and protons. It will be noted that these 
particles are antithetical in charge, but far from equal in mass. In 
that year the bombardment of beryllium compounds by a-rays 
d^onstrated that a particle was formed (by the interaction of the 
orparticle with the beryllium nucleus) which, although forming no 
track in the Wilson doud chamber, caused drastic nuclear teaction 
upon atoms at a distance from its point of origin. Detailed in- 
yfestigaticm disclosed that this new particle had no electric charge, 
a mass ahnost ^ual to that of the proton. It was named the 
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neutron- The most recent determinations give the mass of the 
neutron as 1*0089, and that of the proton as 1*0076. Atomic 
nuclei were formerly thought to be compounded of protons and a 
lesser number of electrons, to correspond with the atomic number, 
which defined the nuclear positive charge. This view has now been 
abandoned, for modem investigation of nuclear properties has 
shown that electrons as such cannot be present in nuclei, although, 
of course, they appear externally as the result of radioactive dis- 
integration. It is now accepted that if A is the mass number of 
an isotope of an element, A=Z+n, where Z, the atomic number, 
gives the number of protons, and n the number of neutrons. The 
neutron has proved a weapon of great power in the study of nuclear 
reactions, for its approach to a nucleus is not retarded by the violent 
electrostatic effects unavoidable when a-particles or accelerated 
protons are used for bombardment. Neutrons are now known to be 
ejected in a wide variety of nuclear reactions, and it is probably 
common knowledge that the explosive fission of the uranium 
isotope is achieved by the agency of neutrons generated in the 
fission itself, so that the latter becomes a ' chain ' reaction. To 
explain fully the course of some nuclear reactions it is necessary to 
postulate the emission of a particle having the small mass of the 
electron, but of opposite and equal charge. This particle is named 
the positron. It has usually a short existence, for on its encounter- 
ing an electron both particles may disappear, and y-radiation results. 
This process is another clear example of the relation of mass and 
energy, amounting to interchangeability, predicted by modem 
physical theories. 

Nudear Chemistry. — From* 1896, when Becquerel discovered the 
natural radioactivity of certain heavy elements, until 1919 nuclear 
chemistry was confined to the study of the products of this type of 
spontaneous decay. No method was known of affecting the 
stability of ordinary nuclei, nor was the natural disintegration in 
any way controllable. A somewhat passive role was imposed on 
the chemists and physicists who shared the necessary investigations 
between them. As described above (p. 320), Rutherford in 1919 
showed that atoms of nitrogen yielded protons when bombarded 
with a-particles, and later research proved that oxygen was simul- 
taneoudy produced. Since that time the development of the 
subject has necessarily lain entirely in the hands of physicists, for 
the high-power apparatus required can only be safely (Operated by 
those specially trained in its use. On this account the subject is 
often caUed, perhaps more justly, nuclear physics, but from the 
systematic pomt of view chemistry can lay the strongest claims to 
include the results of these experiments, conducts by phydcal 
methods^ within its own domain. It dioidd be mentioned that in 
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the most recent advances of the subject, which has thereby so 
forcibly thrust itself on the world, chemists have played at least 
an equal part with their colleagues. 

The ' reagents ' used to attack nuclei are as follows: 

(i) a-particles, produced by natural radioactivity; their momenta 
as ejected from these sources are very high. ' Artificial ' a- 
particles can also be produced from heUum. [ 

(e) Protons or deuterons. These are respectively the nuclei of 
ordinajy hydrogen (mass i), and of * heavy ' hydrogen or 
deuterium (mass 2). To secure sufiiciently close approach to 
the nucleus under attack these positively charged particles 
must be accelerated by the use of powerful elecVic fields. 
Much of the recent progress in the use of these particles has 
depended on the building of large-scale physical apparatus 
(e.g. the cyclotron) to produce very large accelerations. 

(3) Neutrons. These uncharged particles (mass i) are obtainable 
only from some subsidiary reaction with charged particles. 
They cannot be accelerated, but can readily be slowed, if 
necessary, by allowing them to diffuse through matter com- 
posed of light atoms, e.g. water or graphite. ‘Thermal’ 
neutrons are neutrons that have been so slowed that their 
speeds are similar to those of gas molecules at ordinary 
temperatures. The effect of neutrons upon nuclei is often 
affected by their speed. 

The charged particles can, in general, only be used tor attack on 
light nuclei, since the electrostatic repulsion of a heavy nucleus is 
prohibitive to dose approach. Neutrons, on the contrary, can be 
made to react with nuclei. Their discovery has, therefore, 
greatly advanced our knowledge of nudear chemistry. . 

It has bem found that nuclei under attack react in ^o ways. 
At the moment of impact a rdativdy massive partide, which may be 
a ptoton, deuteron, a-partide, or neutron, is ejected (sometimes 
accompanied by y-radiation); the remaining nucleus is then usually 
stable. In the second kind of reaction the impinging partide is 
'captured,' and the resulting nuclei of greater mass stabilize 
themselves rather slowly by ejection of electrons or positrons. The 
latt^ sort of reaction lea^ therefore to ‘ art^cial ' radioactivity. 
A few ike heaviest atoms undergo, after capturing a neutron, 
Mbsptional diange of ‘ ^ion,' In this the d%htly enlarged 
nucleus ^lits spontaneously into two nudei of approximately equal 
snaas, about half that of the parent nucleus. There may be con- 
lAAerable discrepancy in the summed masses of the nudei produced 
nod that of the parent. This difference in mass is converted into 
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radiation of prodigioos intensity. The most fully explored example 
of this kind of change is given by the equation 

U+ n=atoms (see below for nomenclature). 

Nadear BeactioilS* — In writing equations for nuclear reactions it 
is necessary to amplify the usual chemical symbol by adding the 
mass number (as superscript), and the atomic number (as subscript). 

The symbols used for the neutron, electron, and positron are 

respectively Jw, and V In an equation it is requisite that the 

sum of superscnpts (mass numbers) and the sum of subscripts 
(atomic numbers) should separately balance on the two sides. It 
is also convenient to use the symbols a, p, d, and n for o-particles, 
protons, deuterons, and neutrons respectively. A type of reaction 
can then be summarized by writing in a bracket, first the impinging 
particle and then the ejected particle, e.g. {p, n) means that a 
neutron is ejected by an impinging proton. We shall now give, out 
of the many known, one example of each type of change, writing 
first the type of reaction, and then the equation. Raioactive 
products are marked * 

Type of reaction Equation 

{p, a) 'Li+"H=2*He 

This reaction, discovered by Cockcroft and Walton in 1932, 
provided the first example of atomic fission. The slight loss of 
mass in the change (concealed by the round-off atomic weights) 
appears as radiation. 


ip.n) 

’Li+^=’Be+*n 

8 1 4 9 

id.a) 

•Be+*H=!Li+*He 

id.P) 

“c+*h=‘*c+'h 
• 1 8 1 

{d 

“B+*H= =”C+ n 

6 1 6 0 

(«, a) 

Ne+ n«: 0 + He 

19 0 A 2 

{»>P) 

**Mg+‘n=.**Na*+'H 

18 ® 0 il 1 


“N+*He»” 0 +|H 


This first * transmutation/ discovered by Rutherford in 1919, was 
fhe stimulus to all later progress in nuclear chemistry (p. 320), 
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(o, «) ”F+*He=**Na*+*n 

The ' artificial * radioactivity of sodium: 

(half-life, 15*5 hours) 

^^Na-^^^Ne-l-^e (half-life, more than 6 montks) 

Radioactive sodium may also be obtained from ordinary sodium 
(used as sodium chloride) by reaction with deuterons. \ 

(d, p) ”Na+*H=*^Na*+:H \ 

We conclude with reactions, which to chemists probably surpass in 
interest all others in the subject, namely the recent synthesis of 
the * trans-uranium * elements of atomic numbers 93 and greater. 

(half-Ufe, 23 mins.) 

“•U-».“*Np+_®e (half-Ufe, 2-3 days) , 

®®Np->“®Pu-4-_“e (half-Ufe. 24,360 yrs.). 

The new elements, neptunium Np, and plutonium Pu, are both 
radioactive, but the latter reverts, by the loss of an a-particle, to 
so slowly that it can be treated as a stable element. 

nuclear Stability* — An understanding of the factors involved in 
nuclear stability is of cardinal importance, for the relative stability 
must ultimately determine the abundance of atomic species, but in 
the absence of an accepted theory of nuclear constitution progress 
must be slow. One result of significance is seen when we select 
firom the table of isotopes (p. 315) the stable atoms with only one 
isotopic form. These are Be 9, F 19, Na 23, A1 27, P 31, Sc 45» 
V 51, Mn 55, As 75, Y 89, Nb 93, Cs 133, La 139, Pr 141, Tb 159 > 
Ho 165, Tm 169, Ta 181, Au 197, and Bi 209. Without exception 
all these atoms have an odd mass number A. Consultation of the 
table shows that with the sole exception of the lightest element 
beryllium, all also have an odd atomic number Z. From the 
rdktion A^Z+n, where n gives the number of neutrons in the 
nucleus, we can deduce two possibilities for odd values of A, viz.: 
i4s«even Z+odd n, or A=^odd Z+even The fact that the 
second alternative almost always occurs indicates a tendency for 
piotons (Z) and neutrons {n} to pair separately in the nucleus, this 
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tendency, as might be expected, being stronger for neutrons than 
for protons. In all the above atoms one proton must remain 
unpaired, while ah neutrons are paired. When A is even there are 
again two possibilities: A^odd Z+odd w, or A==even Z+even n. 
In the second case all protons and neutrons are paired; in the first 
both a neutron and a proton remain unpaired. Inspection of the 
table shows how fr^uently even A occurs with even Z, whereas 
eveii A with odd Z is relatively rare. There does not appear to be 
any good evidence that helium nuclei are produced as such in the 
nucleus by the union of a pair of protons with a pair of neutrons. 
Radioactivity, * artificial ' or natural, is associated with two types 
of disintegrative process, or ‘ decay ' : emission of a-particles, or 
a-activity, emission of electrons or positrons, or ) 9 -activity. There 
are no known examples of the emission of protons or deuterons in 
radioactive transformations. The l^htest element showing a- 
activity is bismuth (Z=83), and this is an activity produced artifi- 
cisJly by bombarding bismuth with high-speed a-particles. In the 
j5-activity of the lighter elements we doubtless see the result of a 
spontaneous and stabilizing change in the relative numbers of 
protons and neutrons, by means of the nuclear reactions. 

Proton = neutron + positron. 

Neutron=protun +electron. 

24 22 

In the example of radioactive sodium the atoms Na and Na are 
transformed respectively into and j^^Ne; here we see the 

tendency to form nuclei with both A and Z even. 

Mass tibe Nudeus. — ^Tbe theory that atomic nudei aQ contain 
integral numters of protons and neutrons takes os back to the views 
of Prout, who more than a century ago suggested that all atoms 
were made up of hydrogen atoms. When the improvements in 
anal3rsis showed some atomic weights to be far removed from 
integers his hypothesis fell into disrepute, but that difficulty has 
been to some extent removed by the discovery of isotopes. On 
the other hand the most exact measurements do show that the 
atomic weights on the oxygen scale of nearly all isotopes are 
(hstinguisbable from integers, though they approach mtegral 
values wry closdy. The atomic weight of hydrc^^en is d^itdy 
i'Oo8, and if hydrogoi is taken as standard the wviations of tin 
other eiements are ratho' greater; the oxygen standard has there- 
fore advantages other than those originally daimed for it. The 
deviatioas thmnselves have been accounted fw on the toss of 
the theory of rdativity, from whidr it can be drown that four 
hydrogen nudd dosdy grouped togetha with two eleQfroas, as 
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in the helium nucleus, will have a total mass smaller than their 
individual masses in the free state. The difference of 0*039, i e. 
(4x1*008 —4*003), is in quantitative agreement with theoretical 
requirements. 

The deviation of the atomic weight from an integer is a con- 
tinuous function of the atomic number, and on these views is 
connected with the stability of the nucleus. In yfears to come 
it will perhaps be possible to connect nuclear stabiliw with abun- 
dance on the earth, but at present such theories are yery far from 
finahty. 

Azifuagenmt ot the Elections. — ^We have hitherto concerned 
ourselves with the nucleus: we must now return to the question, 
of great importance since it determines the chemical\ properties, 
of the arrangement of the electrons in the outer parts of the atom. 
We have shown that these are equal in number to the atomic 
number and shall for a short time abandon the discussion of physical 
methods and revert to chemical considerations. 

/ Any theory of electron structure must account for the extra- 
ordinary chemical stability of the inert gases, the only elements which 
form no compounds. Their atomic numbers are: He, 2, Ne 10, 
A 18, Kr 36, Xe 54, Em 86, whidi can also be writteh: 2, 2+8, 
2+8+8, 2+8+8+18, 2+8+8+18+18, 2+8+8+18+18+32, 
and are the successive totals of the series 2(i*+2®+2*-j“3*+3*+4*)- 
Since chemical combination consists in the interaction of the outer- 
most electrons of two atoms — ^presumably either a sharing or an 
exchange — ^we must suppose these inert gas structures to have 
negligible powers of adding electrons or parting with them. It 
therefore seems probable that these electrons form closed groups, 
and that when the atomic number is one greater (as in the alk^- 
metals), the extra electron is the beginning of a new group. On these 
views the structure of the first thirteen elements will be as follows: 


Ekmeni 


H He Li Be B C N O F Ne Na Mg Al 


Inner Group 1222 2222222 

Middle Crc^p 12 5678888 

Outer Group — — — — i 23 

The supiested arrangement bears «n obvious relation to chemical 
properties, and might have been predicted on that ground alone. 
We know that the formation of a sodium ion Na* from a sodium 
^m consists in the loss of an dlectron, and we now suspect the 
sodium ion to have the same electrcm structure as the rare gas 
We cannot expect it to have all the properties of an inert 
because it has an excess positive diaxge on the nudais, but it 
s show the cheanicad stability which we have attributed to such 
a structure. In tihe same way a iuorhie atom, by the addition 01 
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an electron, becomes a fluorine ion, likewise with the neon electron 
structure but now vnih a deficiency of one positive chaige on the 
nucleus. The chemical implications of these ideas will be more 
fully considered in the next chapter; meanwhile the physical 
evidence for such electron arrangements must be dealt with. 

The Butherford-Bohr Atom. — By 1913 the relation between the 
atomic nucleus and the surrounding electrons had been established, 
and it was possible for the Danish physicist Bohr to give a quanti- 
tative account of many observed phenomena on the basis of an 
atomic model called the Bohr, or sometimes the Rutherford-Bohr, 
atom. This was based on the quantum theory of Planck, put 
forward in 1900, according to which radiation can be emitted or 
absorbed only in units of energy equal to hv, where li is a universal 
constant (' Planck's constant ') and v the frequency. These units 
are called quanta (see p. 272). Bohr suggested that the extra- 
nuclear electrons rotated round the nucleus at high speeds in 
closed orbits, with each of which was associated a quantum- 
number characteristic of the orbit. Energy could only be radiated 
or absorbed by the electron in quanta, and the gain or loss of a 
quantum caused the electron to move from one orbit to another. 
The quantum theory was necessary to explain the stability of the 
orbits or so-called stationary states, for the classical mechanics 
would predict a gradual loss of energy from the electron, by radiation, 
which would finally cause it to fall into the nucleus. 

The Hydrogen Efipectrom. — Bohr was able to show on theoretical 
grounds that for the lighter elements at least the electrons would 
arrange themselves in groups containing 2, 8, and 8 electrons. 
In each group the principal quantum-number, just alluded to, 
is the same: the principal quantum-number of the inner group is 
I, of the next group 2, and so on. Within each group a second 
quantum-number expressed the eccentricity of the elliptical elec- 
tronic orbit, and more recently a third and a fourth quantum- 
number were introduced. The great triumph of the Bohr atom was 
the quantitative explanation of the lines of the hydrogen spectrum. 
Each line represents radiation of a certain frequency and must 
be attributed to the transition of an electron from one orbit to 
another: this Bohr was able to do, thereby accounting for certain 
mathematical relatioiNS between the frequencies of the hydio^^ 
spectrum lines which had previously teen noted as empirical 
laws. The Bohr atom has also teen applied with gi^t success 
to other aspects of atomic physics— among them magnetic properties, 
and the ionization of gases, 

Qniiltei Hedhanbau— II the last few years the nature of the 
^lectnm has received much att^tiop, and a new quantum mechanics 
has come mto being, based on the mathematical woi|c of 0E 
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Bhoglie, Schrodinger, Dirac, and others, according to which 
the electron can no longer be regarded as a point charge. It is 
not possible to give any description in physical terms of the nature 
of the electron according to this theory, which defines it mathe- 
matically. The theory leads to results in precise agreement with 
experiment, and offers a natural explanation of atomic stationary 
states. Until a new model atom has been worked out on the new 
basis, we shall, however, do well to continue to use thi Bohr model, 
remembering that it is a model, in the interpretation of chemical 
phenomena. Just as a valency bond was used in organic chemistry 
as a symbol without assumptions as to its physical nkture, so we 
may continue to speak of electronic orbits as ssmibols. It must not, 
however, be supposed that the quantum mechanics has swept the 
Bohr atom entirely from the field: there are still some atomic 
properties — the magnetic properties, for example — ^which receive 
an adequate explanation on the older basis. 

Atomic Structures of the Inert Qmies. — In our treatment of the 
Bohr atom we shall not find it necessary to go beyond the principal 
quantum-number. Apart from the second and third quantum- 
numbers, which classify the electrons inside the main groups, and 
the electron spin connected with the fourth quantum-number, the 
electron structures of the inert gases are believed to be as follows: 


Gas 


Principal Quantum-number 


1 

2 

3 

4 

He 

2 




Ke 

2 

8 



A 

2 

8 

8 


Kr 

2 

8 

18 

8 

Xe 

2 

8 

18 

18 

Ra Em 

2 

8 

18 

32 18 


It wiU be noticed that the first two groups, 2 and 8, once built up 
are repeated in higher members, whereas the third group of 8 in 
argon has been increased to i8 by krypton. The outermost ^oup 
is always 8, and a shell of eight electrons has a stability which is 
of great chemical significance. 
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CHAPTER XI 

THE THEORY OF VALENCY 

The classical conceptioii of valency— Valency and the {^riodic table — ^The 
electron-pair bond — Electrovalent and covalent binding — ^The electronic 
theory of valency — ^The spins of elementary particles — ^Illustrative 
examples — Problems in valency — Ionic linkages: Fajans' theory — Atomic 
volume and the periodic table — EHect of solvation — Covalent linkages — 
Conductivity of fused salts — Co-ordination compounds — The nature of 
electron groups and shells — ^The valencies of the elements Ne to A — ^Examples 
of co-ordination compounds — Chelate compounds — Stereo-isomerism — ^The 
conception of mesomerism. 

The Caaasical Ckmoeption (d Vatoocy*— It must not be forgotten 
that the theory of valency embodies a quantitative principle. The 
valency of an element may be defined as the number of parts into 
which its total combining power can be divided. It follows that 
before we can determine the valency of an element A one or more 
elements of imit valency, that is of indivisible combining power, 
must be available. Given the univalent standards X and Y we may 
fix the valency of A as follo\re. Compounds of A with X and with Y 
are prepared, and from them are selected those of the forms AXn 
and AYn,. It is essential that only one atom of A be present in the 
molecules of the compounds chosen, a matter not easily susceptible 
of proof unless the compounds are volatile. The valency of oxygen 
or sulphur in OH, or SH, is self-evident, but has been much disputed 
in HjO, and 8,01,. By suitable analysis the (inte^al) values n and 
m are determined, and these are the valencies of A in the compounds 
selected. The pioneers of the principle of valency, Kekul^ and 
his contemporaries, instinctively chose hydrogen as their standard 
univalent element. In the light of modem theory we can appreciate 
how sure their intuition was, for hydrogen is the only absolutdy 
univalent element, in the sense that in no circumstances can its 
combining power be subdivided. In their choice of chlorine as a 
subsidiary standard they were on less sure ground, although Dumas 
had demonstrated that chlorine replaces hydrogen in oi^anic com- 
pounds atom for atom. It was in a high degree unfortunate for 
®arly progress in the study of valency that fluorine was isolated so 
late in chmical history, for we know that, while a higher valency is 
not inconcdvable, the univalency of fluorine can be trusted. 
Mendbieeff stron^y advocated oxygen as a (bivalent) standard 
elemait. He point«i out that if the valency of an eluent were 
assessed on the basis of its hipest salt-forming oxide (bs^ic or 
acidic), regukrities that could not be fortuitous appeared in the 

33* 
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trend of valency values over the classified elements. The main 
objection to the use of oxygen is that its bivalency* by introducing 
the possibility of more than one scheme of bonding in a given oxide, 
may leave the valency of the combined element ambiguous. Men* 
deleeff could justifiably claim that phosphorus was quinquevalent 
in P2O5, but had he known that the formula of this oxide is 
even in the vapour state, he might well have felt less, certain. 

Valendes in Periodic Groups L H, and III. — There! are sufficient 
elements (e.g. zinc* aluminium, mercury, oxygen) which, by their 
volatile compotmds, exhibit their valencies unambiWously, and 
which also form stable ions, to prove that ionic ch^ge (without 
regard to sign) is numerically equal to valency. For the majority 
of the elements in the above groups we have in fact to\rely largely 
on this indirect evaluation of v^ency, for these eleinents being 
mainly metals form few suitable volatile compounds. It is ele- 
mentary knowledge that the charges on the normal ions of these 
elements are not influenced by the nature of the anion: sodium is 
singly charged in its hydride, chloride, and oxide (NagO). The 
elements in these groups in fact commonly possess only one constant 
valency, although some exceptions are notable among the heavier 
elements, such as copper, gold, and thallium: mercury, however, is 
known to be bivalent in both its series of comj^unds.^ The one 
element in these groups readfly yielding volatile compounds is 
boron, but its behaviour towards hydrogen is anomalous (p. 523). 
If we admit, as we well may, that the group (CHj,) is a good sub- 
stitute for hydrogen, then we can see from the compounds B(CH8)8, 
BF^, and BCl^ that boron is in line with the other elements in respect 
to constancy of valency. 

Valendes in Groups IV, V, VI, and VIL — The elements carbon, 
nitrogen, oxygen, and fluorine form an ample supply of volatile 
compounds, and their valencies are clearly unaffected whether we 
employ hydrogen or fluorine as test element. We have CF4, (CCI4), 
and CH4 ; NH, and NF, ; OHj and OFjj ; FH and F^. It is interesting 
to note that modem electronic theory has vindicated the opinions 
of KekuM, who, in his championship of the constancy of the valencies 
of carbon, nitrogen, and oxygen was strongly opposed by some of his 
contemporaries. When we turn to the heavier elements of these 
gtoups we find widely differing combining powers towards hydrogen 
and fluorine. For example we have PH* and PF^; AsHj and AsFsI 
SH| and SF ^ ; TeH^ and TeF^ ; IH and IF^* M we take the simplest 
view about the constitution and formulae of thg oxides of these 
elements, for example SO^ and Cl^O^, they confirm the high valencies 
jadubitably evoked by fluorine. The view most in harmony with 
modern krowled^ of atonuc structure regards these elements of 
Groups V to VH as exhituting a variable combining power, with 
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definite minima and maxima. It is significant aiso that the values 
of the obsCTved valencies change in steps of two units, a point noted 
early by chemists. 

Phosphorus {3 and 5): PH,; PF,{P, 0 ,); PF5(P40,,). 

Sulphur (2, 4, and 6); SH,; SF4{S0,): SF,. (SO,). 

Chlorine (i, 3, 5, and 7) ; CIH, (CIF) ; CIF,; (CIO,)-; (CIO,)-. 0 , 0 ,. 

Iodine (I. 3. 5 , and 7): IH. (ICl); ICl,; IF,. ( 1 , 0 ,); IF,. 

These and other examples show that hydrides exhibit the minimum 
vdency, and fluorides and oxides the maximum. It was pointed 
out long ago by Abegg that the sum of the valencies towards 
hydrogen and towards halogens or oxygen was always eight in 
Groups IV to VII inclusive; in Group IV both valencies are equal 
to four. He considered that hydrogen valencies, called positive 
valencies, might be of a different nature from the negative valencies, 
towards halogens and oxygen. Our present knowledge of atomic 
structure shows, however, that such an opinion caimot be sustained. 
There is no feature, for example, in the phosphorus atom prohibiting 
the formation of both PH, and PH, to correspond with PF, and 
PF,. The reason why PH, cannot be prepared is one of energetics. 
The system PH,+H, is very much more stable than the single 
molecule PH,. Phosphorus pentachloride, PQ,, dissociates with 
rise of temperature because the stability of the S3rstem PC 1 ,+C 1 , is 
comparable to that of PCI,. It is essentially the great stability 
of the hydrogen molecule H, that limits hydrogen valencies to 
the minimum possible. If therefore we re-define valley as the 
maximum number of parts into which the total combining power is 
divisible, we may follow Eekuld in asserting that valency is a 
constant, characteristic of an atom; phosphorus and sulphur, for 
example, are respectively quinquevdent and sexivalent elements. 
This conception is strongly supported by the stereochemistry of 
polyvalent elements. Thus the shapes of the molecules of sulphur 
compounds may be derived from the octahedron, some of the 
valencies being, of course, suppressed in the ‘ lower ’ compounds. 

The Etoetram-pair Bond. — ^lliough from their introduction about 
i860 single and multiple links l^tween atoms have become the 
<^nnunon symbols in which the chemist expresses his exhaustive 
and successful investigation of moleculhr structure, at no time before 
about 1916 cotdd a coirception of the nature of these hnks rise 
above the vs^est speculation. It is perhaps a sobering thought 
that the combination of two hydrogen atoms to fcam a molecute 
assmed by Avogadro in 1811 received no satisfying explanation 
until the year 1927. This consummation was so kmg delay^ that 
those whq heatatra to accept Avogadro's original hypothesis may 
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well be acquitted of excessive conservatism. The stimulus to put 
an end to this obscurantism came» of course, from physical dis- 
coveries about the constitution of the atom. About the year 1911 
Bohr announced an elucidation of electronic arrangements in 
atoms, based firmly on spectroscopic data. At the close of 1916 
Kossel in Europe and G. N. Lewis in America independently 
showed that a satisfactory but Still empirical description of the 
valency bond lay in the assumption that it in some way implicated 
a pair of electrons. Atoms entered combination when each could 
supply one electron of the pair, and after the chemicil union each 
of the pair of electrcais participated in the structures if the united 
atoms. Electron sharing was thus a mode of electron gaining. 
It appeared that a limit was set to this process of elecYon gaining 
in that atoms would not accumulate more than eight electrons, 
including those shared. This limitation became known as the 
octet rule. These early ideas proved very fertile, and with some 
amplifications withstood the test of application and development. 
The incompleteness of this theory is realized when we turn to the 
energetics of chemical union. As has been mentioned (Chapter VII, 
p. 221) all atomic combination must be exothermic. Now, if we 
could view all chemical union as due to a combination pf ions the 
source of this energy of formation could be traced to simple electro- 
static effects. Attempts were indeed made to implement this 
conception of chemical union, but when we consider such a well- 
known series as CH4, CH3CI, CHjClg, CHCI3, and CCI4, we see the 
futility of such a view, for while it is not inconceivable that carbon 
should be cationic in CCI4 and anionic in CH4, what charges are to 
be assigned to it in the intermediate compounds? The essential 
achievement of modem progress in this subject since about 1926, 
when quantum mechanics was founded, has been the demonstration 
of the source of the energy of union in what have come to be called 
covalent compounds, such as Hg, Clj, CH4, etc. This development 
has at the same tune confirmed the fundamental necessity for a 
pair of 'electrons as the agency of normal, stable union, although 
showing that a single electron can exert bonding properties of less 
power. While it is in the highest degree a source of satisfaction to 
realize that the theory of the electron-pair bond has more than an 
anpirical basis, the former quaHtafive outlook can still provide us 
with a valuable conspectus of chemical compounds in general. 

ISeetomtoit wd Covalent Binding.— We are now in a position to 
classify bonds as electrovalefU, or covalent. The electrovdent bond 
is found in crystals such as that of sodium chloride, which is built 
sodium and chloride ions, Na+ and Cl’". The link here does not 
inVdve an appreciable sharing of electrons, but arises almost 
entirely from electrostatic attraction. As a consequence 
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the crystal is a relatively closely packed assembly of equal numbers 
of the ions, and the number of nearest neighbours to any ion Na+ 
or Cl* is determined not by chemical but by geometrical factors, 
particularly the relative diameters of the cations and anions. 
Electrovalent bonds are usually very strong, especially when 
multiply-charged ions are concerned: corundum, AI2O3, built of the 
ions AF+ and O*-, is nearly as hard as diamond. In a covalent link 
there is electron sharing. It must, however, be realized that only 
when the linked atoms are identical (or isotopic) is the sharing 
equal in respect of the two atoms. The more electronegative atom 
usually obtains the larger share of the bonding electrons. If it is 
desired to visualize the bond as the circulation of the two electrons 
around both nuclei, then it is to be assumed that the electrons take 
longer to move roimd the more negative atom. When the more 
modem view is taken that the electron charge must be ' smeared 
out * over all the molecule, then we must visualize the negative 
cloud as more dense around the more electronegative atom, the 
whole aspect of the molecular cloud being normaUy pear-shaped 
and not ellipsoidal; it has the latter symmetrical shape only in 
homopolar molecules, such as Hg, Og, etc. The normal polarity of 
the covalent link comes to light in the existence (readily tested by 
experiment) of a definite dipoU moment, given in value by the product 
of the charge displacement S and the distance between the atomic 
centres f. The dipole moments of the links C — N, C — O, and C — Cl 
are respectively 0*4, o*86, and 1*56 (debyes); here the increase of 
electronegative nature in the series of elements nitrogen, oxygen, and 
chlorine is well shown in the corresponding increase of dipole moment. 
There are among chemical links aU ^adations of polarity, from zero in 
homopolar compounds to the maximum in electrovalent links. 

The meotronic Theory of Valency.— In the light of the above 
general principles it is seen that the valency of an element must be 
just the number of electrons it can share, under the cdndit|(m that 
every electron shared brings a second into the atomic structure, up 
to a certain limit. For hydrogen and helium the limit is reached at 
only two electrons. Hence hydrogen is an absolutely univalent 
element, and cannot assume a higher valency (see above, p. 331). 
The choice of hydrogen as a valency standard by earlier chemists is 
thus seen as a brilliant stroke of intuition. As the limit is reach^ 
in helium ^fore combination this element is incapable of chemical 
combination (when in its normal state). For the elements of the 
periodic series lithium to fluorine, the limit proved by both 
modem tlnsory and by chemical experience is eight. Hence for 
these elen^ts the ' octet ’ principle is quite rigidly valid,. The 
^nximum covalency shown in any, compound of mese elenients 
®nst therefore be four. We may see this rule in <^>eration in the 
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series (BF4)-, CH4, and NH4+. In each of these molecules or ions 
the central atom, boron, carbon, or nitrogen, is covalently linked 
to a maximum of four univalent atoms. This series emphasizes the 
point that valency must depend upon electronic configuration in an 
atom. The electronic dispositions are identical in the species B-, 
C^ and N+; we can say that these are iso^^dectronic, and naturally 
aU have the same quadrivalency; moreover all exep the quadri- 
valency in tetrahedi^ directions. 

Acting in this principle we may draw up a usefuj table of co- 
valency, not hesitating to include atomic ions. 


Atomic species 



Covalency ^ 



Hydrogen 

0 

H- 

X 

H 

2 

A 

4 

Lithium 

Li+ 

Li 




Beryllium 

Be++ 

(Be+) 

Be 



Boron 



(B+) 

B 

B- 

Carbon 




C~ C+ 

C 

Nitrogen 



N- 

N 

N+ 

Oicygen 

0 — 

0- 

0 

0+ 


Fluorine 

F- 

F 





It should be clearly imderstood that the assignment !of zero co- 
valency to certain ions, e.g. F-, Li+, etc., does not mean that they 
cannot form effective links; it means that these links must be ex- 
clusively electrovalent, and in them electron sharing is absent. 
Ions such as F", 0*“, O*” should strictly be classified as uni-electro- 
valent, non-covalent; bi-electrovalent, non-covalent ; and uni- 
electrovalent, uni-covalent respectively. Naturally this full de- 
scription is burdensome and the important prefixes electro- and 
co-(valent) are usually omitted, and one finds a situation in which 
F*", F, Na, and Na+ are all indiscriminately called univalent. It 
follows from our conceptions that only those ions of covalency zero 
will be stable as chemical individuals: N*^ and B** for example will 
exhibit as intense a chemical activity as carbon atoms. 

Tto tpins ot laematitary Parii^.— Although modem theory 
does not permit us to adopt the simple planetary model of the 
motions of electrons in atoms and molecules, we must still ascribe 
the property of angular nwmentim to these motions. For a plane- 
tary orbit of an electron around an atomic nucleus, angular momen- 
tum would be expressed by the product Iw, where I is the moment 
of inertia (or * moment of mommtum ’), and w is the angular velocity. 
It is a fundam^tal postulate of the quantum theory that the elec- 
angular momentrnn can only have values given by the 
formula ^/(/+i)Jk/ 2 ir. Here ll is a universal constant (Planck’s con- 
stant), andianint^er, taking valuesfromzero upwards. The fact that 
an dectron can exist in an atom without orbitd angular momentum 
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(/=:=o) and yet not coalesce with the attracting nucleus shows how far 
the modem atomic dynamics has diverged from the classical form. 

It has, however, proved impossible to reconcile spectroscopic data 
with theory unless the electron possesses another independent form 
of angular momentum. This second form is usually pictured as a 
spinning motion ^ound its own axis. While this spin can occur 
in two directions it is always associated with an invariable momen- 
tum (\/ 3 */ 4 ’ 5 ^)* Electron spin is to be regarded as an inherent 
electronic property, and it plays a fundamental part in theories of 
valency, for the two electrons implicated in a covalent bond must 
possess spins opposed in direction. Two atoms combine when 
they possess at least one each of a pair of electrons with spins 
so related. The occurrence of two electrons in a chemical bond is 
indeed closely bound up with the fact of electron spin. It may 
further be noted that the magnetic shells created by spinning 
electrons are the chief cause of the property of magnetism. It has 
recently become necessary to extend the notion of spin to the other 
elementary particles, the proton and the neutron, which are the 
units forming atomic nuclei. The latter therefore become possessed 
of a characteristic resultant spin. In a molecule such as hydrogen 
it is not necessary (at least under normal conditions) for the proton 
spins to have the antithetical relation rigorously imposed on the 
two electrons forming the bond. Two forms of hydrogen molecule 
are thus possible, according as the proton spins are ‘ parallel ' or 
‘anti-parallel.' Since these forms, known respectively as ortho- 
hydrogen (parallel spins) and para-hydrogen, differ slightly in energy, 
each may be regarded as a special type of allotrope (see further, p. 362) . 

niustrotive Examples ol the Electronic Theory.— Guided now by 
the classical principle of valency saturation the reader will find no 
difficulty in assembling the above atomic species into known mole- 
cules and ions. Thus ‘ hydrogen ion ' H5O+ and ammonia NHj are 
seen to be isoelectronic and structurally analogous; both are pyra- 
midal in shape. As an illustrative exercise in the use of the table 
we may set out and discuss the possible formulae of all the ions 
formed by the union of nitrogen and oxygen: 



(NO^)* 


(NO)-*- 


0«N^«0. 

(NO,)+ 
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In these formulae the net charge shown is the algebraic s um of 
tiiose on individual atoms. The nitrite ion NO~, and tire nitrate 
i<Mi NO“, will be familiar. The cation NO+ occurs in lead-chamber 
oystals (p. 686), and in salts such as nitrosyl perchlorate, NO.CIO,. 
The nitronium ion NO,+ is presort in concentrated nitric add, and 
is responsible for aromatic nitration (p. 125). The anion NO- 
appears to be unstable, and spontaneously condens^, with some 
rearrangement, to the hyponitrite ion 0 ~— N=N-+ 0 ~. As the 
ortho-carbonate group is well known in organic oWho-carbonic 
esters, e.g. (C*H,0)4C, the ortho-anions (CO4)*", ^04)*-, and 
(NO,)*- might have been expected to have stable existence. All, 
however, readily undergo hydrolysis (see p. 341): \ 

(N0,)*-+H40=(N04)-+20H-, 
(N04)»--^H40=(N0,)-H-20H-, 
(C04)4-+H,0=(C0,)*--f20H-, ^ 

3 deiding respectively the normal carbonate ion 0=C<^ and the 


nitrate and nitrite ions shown above. Antidpating jsome later 
considerations, we may remark that the ortho-phofephate ion 
(PO4)*- differs from the hypothetical ortho-nitrate ion (NO,)* 
structure, because phosphorus can be truly quinquevalent, tW is, 
it can accumulate 10 electrons in its outer shell. 

The ortho-phosphate ion is resistant to hydrolysis m solution, 
and must be assigned the formula 

0-^P=0 

o-/ 


The anion (BO,)*- derived from the tervalent element boron and 
anaI(^;ous to (NO,)*- is wdl known in crystals. In aqueous solution, 
however, it is readily hydrolysed first to the simple anion (BOJ-: 


(B 0 ,)*--fH, 0 =(B 0 ,)--j- 20 H-, 

which is analogous to the nitrite ion, and then these simple anions 
tend to condense into larger groui» by sharing (neutral) oxygen: 
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Thus potassium metaborate is KjEjO®, and not KBO^, as is some- 
times written. The ortho-mtrate ion (NOj)*- is susceptible to 
hydrolysis and cannot exist in aqueous solution ; but, unlike meta- 
borate ion, the nitrite ion shows no tendency to polymerize. 

^Typical Probtems in Valency. — It is by their power to solve difficult 
chemical problems that new theories will most impress the chemist. 
As an illustration we will consider the compounds carbon monoxide, 
nitric oxide, and ozone. The first two of these molecules present 
obvious and grave valency problems. Four bonds between carbon 
and oxygen are excluded on stereochemical grounds; on the other 
hand, carbon monoxide shows none of the properties to be expected 
in a compound of bivalent carbon; it combines with halogens only 
under the stimulus of catalysts and at temperatures above normal; 
it manifests no tendency to pol5anerize. Glancing at the table 
on p. 336 we see that C““ would saturate O'*", both being ter- 
valent, and the resulting molecule would be electrically neutral. 
The structure C-sO"*" would, as Langmuir pointed out years ago, 
be closely analogous to (and iso-electronic with) the molecule of 
elementary nitrogen, NsN, and it is not surprising that the physical 
properties of the two’molecules (b.pt., critical constants, etc.) are 
almost equal. It must be noted that since oxygen is much more 
electronegative than carbon the six electrons involved in the triple 
bond, although all shared, will not be equally shared, and the 
accumulation of charge density round the oxygen will offset the 
strong polar effect due to the ionic charges. In this particular case 
the two effects happen to be almost equal, and, as has been fully 
established, carbon monoxide is almost non-polar (see further, 
P* 354)- 

Nitric oxide clearly lies between the structures N“==0 and NsO*** 
already mentioned (p. 337). We assign it the formula NssO, 
wherein the broken Ime means a single-electron bond, or in more 
nearly classical terminology, a half-bond. With the six unshared 
electrons the five bonding electrons complete the total of eleven 
valency electrons derived from the origingd atoms, and both atoms 
complete their ‘ octets.' It has already been observed (p. 334) that 
modem theory allows bonding power to a single shared electron. 
The physical properties of nitric oxide are completely in agreement 
with this * 2 J '-bond formulation (for another treatment of nitric 
oxide, see p. 354). 

Ozone presents a problem of a different nature, for on purely 
chemical grounds the classical formula 

V 
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is not unsatisfactory, A detailed study by physical methods that 
cannot be described here proves conclusively that the angle between 
the bonds cannot be 6o® as required by the formula above, but is 
near to 120®. When we propose the alternative formula, O**— O+=: 0 , 
we solve this difficulty, for it is well known from studies of the 
stereochemistry of carbon compounds that the angle between a 
single bond and a double bond is 125® (see further, pi 352). 

It has long been known that when the alkali metals sodium and 
potassium are freely oxidized in oxygen the oxides NLOj and KOj 
(formerly wrongly written K^O*) are produced in preference to those 
expected on simple valency grounds, viz. Na^O and KIO. Sodium 
peroxide and potassium superoxide KOg have ^ been shown (by 
methods of X-ray diffraction) to contam the 10ns (O^jy and (Og)' 
respectively. The first anion is easily formulated as (O”— 0 ~), but 
the second is more obscure. Just as we assumed that nitric oxide 
lay between N “"=0 and NsO+, so ( 0 *)~ lies between 0=0 and 
0“*— 0‘, and its formula is to be written (0=0)“, where the broken 
line again means a single-electron bond. The three electrons in the 
bond with the ten unshared make up the total of thirteen electrons 
from the two oxygen atoms with the single charge added. The 
molecule NO and the ion Og^ are among the rare examples of * odd 
electron ’ structures. Whenever possible 2-electron bonds are 
always formed, so that most of the known chemical compounds 
have an even total number of, electrons, as was first pointed out 
by G. N. Lewis in support of his original theory. 

linkages: Fajans’ Theory* — What determines the nature of 
the bond between the atoms of a compound? Why is it that 
sodium chloride is a solid with high melting-point and ionic lattice, 
fully ionized in the solid state and in solution, while carbon tetra- 
chloride is a volatile liquid immiscible with water and in which 
no tra<^ of ionization can be detected? To say that sodium 
chloride is ionic and carbon tetrachloride covalent is merely to 
state the problem in other terms, but an answer, if only a partial 
me, can be given. According to Fajans, the formation of ionic 
links is promoted by a high atomic volume * for the cation as 
compared with the anion, and by small ionic charges. It is obvious 
that the larger a metallic atom the less tenadou^y will the outer 
electrons be held by the nuclear charge. The formation of a 
cation ought therefore to be assisted by a large atomic volume, 
^hile from similar reasoning it follows that for the production of 
anions a small atomic volume is desirable. It is likewise clear 
that when several electrons are to be removed from an atom the 
SMcuity of doing so will progressively increase, for the removal 
of eadi me increases the reddual positive charge by which the 
; i atomic is the atomic weight divided by the density 
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others are retained. The formation of multiply-charged anions is 
particularly difficult, because an electron separated from such an 
anion still leaves it negatively charged and hence with no great 
power of recovering the electron. Thus the charge of elementary 
ions goes up to four for cations (e.g. Sn'*”), but only up to two for 
anions (e.g. S'"), and even doubly-charged anions show a tendency 
to reduce their charge by reaction with water: 

S'^-hHp^OH'+HS'. 0"+H20->20H'. 

Many examples of these ideas may be given. In any periodic 
subgroup the metallic character increases with increasing atomic 
number, and the most electropositive of all metals are the alkali- 
metals, which form * univalent * ions. Thus in the periodic table 
metallic character increases from right to left and from top to 
bottom — e.g. in the order K, Rb, Cs; or As, Sb, Bi; or Ti, Sc, Ca, K. 
In the halides the fluorides are often ionic when the other halides 
are covalent — e.g. AIF3 compared with AICI3, or HgFj compared 
with HgClg. After protracted speculation about it, the heaviest 



I halogen " (at. no. 85, astatine. At) appears at last to have been 
isolate, as an isotope of mass no. 211, obtained frrai the nuclear 
reaction Bi(a, zn)Kt. The half-life of this isotope is only 7*5 hours 
but in spite of this handicap it has been found that astatine occurs in 
solution not only as the anion At^ but as cations in at l^t two 
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oxidation states, and flie element can be deposited at the cathode. 
It is therefore apparent that the tendency to metallic properties is 
evinced even in the most electro-negative group of elements. 

Atomic Vcdume and the P^odio Table. — ^The extreme importance 
of atomic volume in determining the chemistry of an element has 
only recently been recognized, but many years ago Lothar Meyer 
showed that this was one of the most unmistakably periodic of 
the atomic properties. In Fig. 100 the atomic volume is plotted 
against the atomic number: the peaks of the curve are occupied 
by the alkali-metals. It is still more instructive to join up the 
points representing elements in the same group, as has been done 
in the small dia^ams of Fig. loi. This shows that in Groups 
I and II the atomic volumes of Subgroup A fall in a natural sequence 
with those of the typical elements, while in Groups VI and VII 
the typical elements go with Subgroup B: in Groups III, IV, and 
V there is little to choose between them. This is in excellent 
agreement with what is known of the sequence of other properties: 
it will also be noticed that the differences between the subgroups 
are extreme at the ends of the table but decrease towards the 
middle. The atomic volumes of the Group VIII metals are aU 
very close. Where elements exist in allotropic forms, the lowest value 
of the atomic volume has been taken: for elements gaseous at 
ordinary temperatures the figures refer to the liquid at the boiling- 
point. The inert gases have been omitted. 

Effect ol Solvation. — It is never prudent to suppose that because 
a compound in the pure state is covalent it will continue to be so 
when in solution. The hydration that it may undergo in water 
may profoundly alter its properties, and this is true of other solvents 
as well. Pure hydrogen chloride is covalent, but dissolved in 
water it is highly ionized: the ions are not H* and CT but (H 80 +) 
and CT. The increase in ionic character may again be connected 
with increase in the size of the cation. This reaction with the 
solvent is of fundamental importance in the study of acidity, and 
hydrogen chloride is a strong acid only in solvents in which it is 
solvated. The same applies to nitric acid, which is covalent even 
in such solvents as alcohol. The dielectric constant of the solvent, 
as was shown in Chapter IV, is of less importance. Of all known 
acids, perchloric acid best preserves its ionic character in non- 
aqueous solutions. This points to a small volume for the percWorate 
ion (i.e. small solvation), and is in harmony with the exceptionally 
nigh mobility of the ion in alcoholic solution. Orgamc adds, on 
the contrary, have large anions, and with fcw exceptions are, pre- 
dominantly covalent. 

Ck>vatatit Ltokacei* — Covalent compounds are distinguished by 
the absence of ionissation in ionizing solvents, though, as Aeady 

M 
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mentioned, solvation may turn them into ionic compounds. The 
absence of ions may be proved by the usual chemical tests, by 
low electrical conductivity, and in many other ways. In com- 
parison with ionic compounds of similar t3^e covalent substances 
are marked by volatility and solubility in non-ionizing solvents 
(usually organic) such as benzene or cWoroform. Covalent com- 
pounds often have an elaborate crystal lattice of lion-ionic type, 
whereas in the crystals of ionic compounds the dominant principle 
often seems to be the packing of the ions together m the smallest 
possible space, some form of cubic lattice being very Common, 

As an example of compounds of similar formula, ^e ionic and 
the other largely covalent, we may give the fluoride \and bromide 
of aluminium: \ 


Aluminium Fluoride {Ionic) 
Melts at looo® 

One form is insoluble in water : others 
are slightly soluble. The solutions 
are ionized. 

Insoluble in organic liquids. 


Aluminium Bromide (Covalent) 
Boils at 270° 

Very soluble in water: the solutions 
are hydrolysed. 

Markedly soluble in organic liquids 
(e.g. benzene) : the solutions are not 
ionized. I 


Conductivity of Fused Salts. — ^The electrical conductivity of the 
fused salt is one of the criteria for covalency. The following 
table shows the conductivities at the melting-point of the chlorides 
of some of the elements in the earlier groups of the periodic table, 
expressed in the same units: 

HCl less than io-«. 

liCI 166, NaQ 133, KCl 103, RbCI 78, CsCl 67. 

BeCl| *09, MgClj 29, CaCl, 52, SrCl, 56, BaClg 65. 

HgClg 2*5 X iO“* (HgaCl* 40). 

BCl* o, AlCl, I ’5 X 10-*, ScClg 15, YClg 9*5, LaCl, 29*0. 

InCl, 15 (InCl, 29, InCl 130), TlCl, 
less than 2*5 x lo-* (TlCl 47). 

CCl* o, SiCl4 o, SnCl^ o (SnCl, 22). 


It has further been found that tfie variation with temperature of 
the conductivity of the fused alkali-metal chlorides is equal to the 
variation with temperature of the viscosity, so it is supposed that 
^ese chlorides are fully dissociated in the fused' state. It is very 
interesting to notice that the mobilities of the alkali-metal ions 
decrease, as one would expect, as the atomic volume increases, 
wh^eas in aqueous solution the mobility of the hydrated ions 
iipiE^eases from lithium to caeaum (p. 153). In other groups 
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th€ dissociation is probably not complete, and the increase in 
dissociation as the cation grows larger is of more effect than 
the accompanying decrease in mobility: Group II, typical 
elements and Subgroup A, is an excellent example of this. It 
should be noticed, too, how the tendency to covdency increases 
in Groups I to IV : the higher the valency of the cation the less 
its power of forming an electrovalent bond. This effect is also 
strikingly brought out in the chlorides of elements of variable 
vdency, such as indium, thallium, and tin, the chlorides of lower 
valency having a pronounced conductivity even when the chloride 
of highest valency has none. 

The occurrence of isomerism is naturally an unmistakable sign 
of the existence of covalent bonds, since ionic bonds have not the 
fixed orientation necessary to it. Co-ordinate links (below) may 
also serve as a basis of isomerism. 

Co-ordination Compounds. — ^Another branch of chemistry wherein 
the new theories have proved their power is that of the so-called 
‘ molecular compounds. ' It has long been known that many metallic 
salts will absorb and combine with ammonia: for example, cupric 
sulphate yields a deep blue compound, CUSO4.4NH8, and silver 
chloride, AgCLaNHa,* nickel sulphate yields NiS04.6NHt. Before 
the foundation of the electronic theory it had become clear, mainly 
as the result of experiments by Werner, that in the very numerous 
compounds of this class the ammonia is bound wholly to the metallic 
ion. When we remember that a nitrogen atom possesses five 
valency electrons it can be seen that in ammonia NH, a total of 
eight valency electrons in all is present, but only six are shared to 
bind the three atoms of hydrogen. We have but to assume that 
each of the pairs xmoccupied in free ammonia is employed to build 
up a new shell round the cupric ion Cu++ to form a conception for 
the reason of the union. 


H 


• X 

h: n:h 


H •* H 

H : N : cu : N : H 

X • X • 

H .. H 

h:n:h 

X • 

H 


+ + 
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A covalent linkage formed by this unilateral sort of electronic 
transaction is often termed a co-ordinate linkage, because Werner 
chose the term co-ordination compound for the type of molecular 
compoimd we are discussing. It must not be assumed that the 
linkage once formed differs in any way, certainly not in stability, 
from an ordinary covalent link. If we pursue this explanation over 
the whole wide field of known co-ordination compounds we shall often 
find that the octet rule must be abandoned. Thus ip the familiar 
ferrocyanides and ferricyanides we find six CN“ groups bound to the 
fOTOus or ferric ion, and in the recently prepareq molybdeno- 
cyanides there are eight CN~ groups round a molybdenum ion. 
This brings us again to the question whether, as was formerly thought, 
the octet rule is universal. That it is rigorous for the light elements 
from lithium to fluorine is certain, but much chemical evidence 
would have to be discredited if it were not to be relaxed for heavier 
elements. The well-known structures, (SiFe)®“, SF^, and (PClg)- 
(recently demonstrated in solid phosphorus pentachloride), seem to 
suggest that twelve electrons can be accommodated round the 
nuclei of these atoms. While this question cannot be regarded as 
completely settled, most opinion favours the abandonment of the 
octet principle for elements alter fluorine (see furtheir, p. 348). 
Compounds like ammonia with unshared electrons are very numer- 
ous, and a vast range of co-ordination compounds is known in 
which anions (e.g. Cl“, SO,*-, C8O4*-, NOg", CN*, etc.) and neutral 
molecules (e.g. NH,, HgO, CO, NO, etc.) act as * donor ' groups, that 
is, supply one or more pairs of electrons towards the shell built up 
round a central atom or ion. The best-known and perhaps most im- 
portant class has a central atom or cation of the metals of the mid- 
portion of the ' long ' series in the periodic system. It has become 
customary to symbolize a co-ordinate link by the sign the arrow- 
head pointing away from the ‘ donor ' group or ion. This convention 
is useful, provided it is not assumed to mean that a co-ordinate link 
differs in nature from an ordinary single bond, where the arrow-head 
would not be used. 

The Genml STatore of Electron Gronips and Shells. — In order to 
realize fully the contribution that modem theory can make to 
the interpretation of chemical valency, it is necessary to consider 
the nature and particularly the maximum possible electronic 
content of atomic shells. The theory of quantum mechanics, 
developed since about 1927, now provides an orderly conspectus of 
atomic structure, and its predictions are found to be in complete 
harmony with long-established facts brought to light by the study 
of atcanic spectra. For our purposes we shall define an atomic 
group a set of dectrons bound to the nucleus by forces of similar 
miyginitude. This description (as will shortly app^) Offers some- 
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what from the spectroscopic and quantum-mechanical classification, 
but in chemical changes it is principally the energy of electronic 
binding in atoms that determines how they combine. 




2 />( 6 ) 

2S (2) 
[Li-Ne] 


M (18) 
3 ^( 6 ) 
3s(2) . 
[Na-A] 


iV( 32 ) 
#( 6 ).. 
4s (2) . . 
Zd (10) 
[K-Kr] 


. (10) 

•4/(14) 


In the above scheme an attempt has been made to include not 
only the spectroscopic terminology and classification, but also the 
energy separation of the various electronic classes. The capital 
letters K, L, M, N, etc., designate shells of electrons whose behaviour 
is associated with a given ' quantum-number,’ i, 2, 3, 4, etc. The 
meaning of the term ‘ quantum-number ’ is to be sought in the 
equations of quantum mechanics, and it is unnecessary to elaborate 
its interpretation here. It will be seen that the total possible 
electronic content of a shell with quantum-number n is 2m*, giving 
the numbers 2, 8, 18, 32, and so on. The small letters s, p, d, f, 
designating sub-shells, are drawn from spectroscopic terminology, 
and are taken to in^cate tjq)es of electronic orbit differing in 
angular momentum, as described on p. 336. 


Type of 

1 

Angular momentum 

orbit 

{see p. 336) 

of electron 

s 

0 

0 

P 

I 

V2.l1/27r 

d 

2 

V 6 .h/ 27 r 

f 

3 

2 V^ 3 -H/ 27 r 


The numerals in parentheses after the small letters give the 
-maximum number of electrons allowed to adopt the type of motion 
concerned. It will be seen that these numbers follow the int^al 
sequence 2(2l-f-i). 

The difference in binding energy is largest between shells K «md 
L. and steadily decreases in the order K.. N... . To assess the 
order of magnitude of the energy difference between the K and L 
shells, we may note that if all the (is) electrons in a gram-atom <rf 
hydrogen were to be transferred to the L shell an input of about 
250,000 caloTies would be needed. It is this enormous energy 
difference wh^ onpifiniw hydrogen to univalent behaviour, ftr 
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while two electrons may be accommodated in the K shell, further 
electrons entering the atom as a consequence of higher covalency 
must pass to the L shell, and no known terrestrial chemical reaction 
could supply 250,000 calories per atom combining. Owing to its 
minimal nuclear charge the energy difference between K and £ 
shells is less in hydrogen than in any other atom. 

In the K and L shells the shell and the group (as defined above) 
coincide, for there is only a comparatively small diff^ence in bind- 
ing energy between s and p types in any shell. On\the contrary, 
there is usually a large difference between s (or p) and d (or 
/). For this reason the sub-shell 3d falls not inm Group III 
but into Group IV, while electrons in 4d and 4/ fall iiito Group V 
(not completely shown in the diagram). This complication leads 
directly to the appearance in the Periodic System of its typical 
‘ long * periods (filling of d orbits, see p. 772), and of the rare-earth 
elements in their assigned position (filling of 4/ orbits, see p. 542). 
It will be convenient to remember that a filled electron group contains 
s and p electrons of quantum number equal to the group number, 
and d (and /) electrons of quantum numl^r one less than the group 
number; in short, Group n contains two ns and six np electrons, 
with ten (n— i)i electrons: Group V also has fourteen 4/ electrons. 
Electrons cannot adopt a p type of orbit if the quantum number is 
less than 2, nor d or f types if it is less than 3 or 4 respectively. 

The Valencies of the Elements Ne to A.— In neon (Z=io) thi. 
shells K and L (identical with Groups I and II) are completed, 
while in argon (Z=i8) the third group is full, but the M sheU still 
lacks its complement of ten 3d electrons, notwithstanding the 
inertness of argon. We might deduce from these facts that the 
valencies of the active intermediate elements Na to Cl would be 
governed by the same deficiencies in the s and p classes alone, as 
certainly determine the valencies of the set of elements Li to F. In 
short, we might assert an ‘ octet principle * for the Periodic Series 3, 
as we do, in complete accord with chemical facts, for Series 2. We 
should then be compelled to devise structures for the compounds of 
e.g, phosphorus, sulphur, and chlorine, which showed no more 
than an octet of electrons associated with these atoms. For 
example, we could write for ions oHhe type (X04)®*’ the structures 

000 

t t t 

0^P»-->0 0<rC\--^0 

^ I 

o (POJ* 0 (SO4)* O (CIO4) 

By the lavish use of * co-ordinate * linlu^es $0 exemplified it 
iHtoved leasiye to account theoretically for many of the compounds 
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concerned. With the accumulation of detailed knowledge of mole- 
cular structure drawn from the modem methods of X-ray and 
electron diffraction, however, it has become increasingly difficult, 
and not infrequently impossible, to justify such structures. The 
co-ordinate link is essentially a single bond, but the known dimen- 
sions of e.g. the sulphate ion appear to demand bonds between 
sulphur and oxygen at least as short as double bonds. The striking 
fact, mentioned on p. 333, that the valencies of these elements 
advance to a maximum as wholly even or wholly odd numbers can 
hardly be fortuitous, and is exactly predictable if we assume that the 
electrons occurring in pairs in the 3s and 3/> sets can be unpaired by 
spontaneous transference (or ‘ promotion *) to vacant 3d orbits: each 
pair of electrons so separated must increase the vdency by two 
units. 

The indications are that valency electrons in phosphorus, sulphur, 
and chlorine can utilize the 3d orbits, even though these belong (by 
energetics) to Group IV. The difficulty is to explain why a similar 
means of chemical activation does not take place with argon. At 
present therefore we have a contradictory state of affairs. The 
sequence of elements in the Periodic System is in harmony with our 
classification into groups, while the detailed valencies of the elements 
appear to require us to ignore the energetic distinction between 
groups and shells. It is to be hoped that further advances will 
succeed in resolving these difficulties. 

Some Examples ol Co-ordination Compounds.— The electronic 
theory accounts successfully for the types of valency met with 
in co-orffinated compounds. In our discussion of complex ions 
(p. 201) we showed that from platinous chloride, PtCl2, ammonia, 
and potassium chloride the following complex ions could be obtained: 

(Pt.4NHs)- (Pt.3NH3.Cl)- (Pt.NH3.Cls)' (PtCU)" 
as well as an unionized substance, Pt.zNHj.Clg. It is now clear 
that in these compounds the anmionia molecule replaces a chlorine 
ion by virtue of its donor properties. The electron structures 
of the unionized Pt.2NH3.Cl2 and of (Pt.NH3.Cl3)' are: 
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h:n; 

H 

h:n:h 

XX 

XX 

XX XX 
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A furthw proof of the covalent nature of the linkages in these 
compounds is afforded by the existence of isomerism. Thus 
Pt.2NHj.Cl2 exists in two isomeric forms, whidi leads one to suppose 
that the groups are arranged not in a tetrahedron, as in the carbon 
compounds, since on this basis no isomerism would be possible, but 
in some less symmetrical manner — in a plane. 


Cl 

Cl 


NH, 



NH» 

In the numerous compounds in which not four, but six groups or 
atoms are connected by covalencies or co-ordinate valencies with 
the central atom, an octohedral arrangement obtains. Thus 
platinic chloride, PtCl4, forms with ammonia an unionized com- 
pound, Pt.2NH8.Cl4, which occurs in two forms to which we may 
assign the structures: 


Cl Cl 



Cl Cl 


The student should assure himself by turning the diagrams round 
(i) that the structures really are different, and (2) that no others 
are possible. The elements of Group VIII are particularly liable 
to form such compounds, and the same applies to chromium. 

Inner Oodles Salts.— Most interesting examples of internal co- 
ordination in what are called chdaU compounds have been much 
studied in recent years. In these compounds a metallic atom 

CH^ — >C- O O- -C CH. 

/ \ / X 

CH Be CH 

\ /■ \ / 

CH.- 'O O' -C CH, 

which might be existed to appear as an ion does not do so; the 
compounds are unionized, frequently volatile, and show eveiy 
ip$unpt0m of covalency. Tliey contain rings in which the metallic 
atom is bound by co-ordinatum with one or more other atoms in 
the molect^, and the property i$ therefore very readily 
by ^-<^tones, sudh as acetylacetone, whidi contain 
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suitably placed oxygen atoms. Acetylacetone in the enolic form 
is CH8.C(0H) rCH.CO.CHj, and the hydroxylic hydrogen atom is 
acidic and can be replaced by metals. The diagram shows the 
structure of the beryllium derivative of acetylacetone, the arrows 
indicate a co-ordinate link in which an oxygen atom provides and 
the beryllium atom accepts a pair of electrons. The beryllium atom 
has its octet complete and the compound is completely covalent. 
A similar explanation has been advanced of the complexes produced 
from metallic ions and hydroxylic organic substances — ^see, for 
example, Fehling's solution (p. 461). 

Stereo«isomerism. — It has been abundantly proved that in favour- 
able circumstances the presence of these chelate groups may lead 
to stereo-isomerism. In the metallic ammines the stereo-isomeric 




compounds which have been most investigated are those containing 
ethylene diamine, NH2.CH2.CH2.NH2. The amino group, — NHj, 
has the same donor properties as ammonia, and for the same 
reason; the molecule of ethylene diamine is therefore a donor at 
both ends and counts two towards the co-ordination-number of 
any metallic atom with which it may be combined. Thus two 
optically active salts are known containing the complex cobaltic 
ion [Co.2NH3.(NOa)2.(NH2.CH2.CH2.NH2)]*, and the structures as- 
signed to them are A and B; thej^ are mirror-images. C, on the 
other hand, is an optically inactive isomer, and the difference 
between C and either A or B is similar to the difference between 
the isomeric platinic compounds just discussed. Students of 
org^ic chemistry will understand why A and B are called the 
fw-isomers while C is a irans-isomer. Werner also succeeded 
in preparing optically active salts containing no carbon atoms, 
thus disposing of the view that the presence of a carbon atom is 
necessary to optical activity. The first compound of this type to be 
produced had the formula [Co(Co.4NH8.{OH)2)JBr2, The group 
Co. 4 NH^,(OH 5 j, like ethylene diamine, counts two towards the 
<^rdination-numbw* of the central cobalt atom. 

The ftonMption of Mesomefism. — If the formidae proposed 
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on p. 340 and p, 337 for ozone and nitrate ion respectively, 
namely: 



and 


N+ 

o-^ 


faithfully represented the structures of these molecmes, we must 
find that the ozone molecule has the shape of a scalene\triangle, and 
nitrate ion that of an isosceles triangle, for it is found that double 
bonds are invariably shorter than the corresponding single bonds. 
It is however known that both the O, O links in ozone are equal in 
length, as are all the N, O links in nitrate ion, the actual shapes thus 
being an isosceles and an equilateral triangle respectively. 

In devising the original single formulae we have evidently arbit- 
rarily selected certain oxygen atoms out of the total number in the 
molecule to participate in the double bonds. If such an arbitrary 
selection were not justified we must propose no less than three 
structures for nitrate ion, and two for ozone, ! 


0. 

>N+-0- 

a- 


0- o- 

>*=0 >N*- 0 -; ^ 

o- O 0 0 


0 + 

/\ 

o- 0 


and it becomes clear that we have no ground tor preferring one of 
these formulae above the others; we must in fact accept them as 
whole. To a chemist with a classical viewpoint this argument may 
well seem to be something like a verbal quibble, for it cannot be 
denied that the structures proposed for each molecular species are, 
in fact, chemically identical. The principles of quantum mechanics, 
however, demand that we regard the atoms of oxygen in each case 
as distinct entities, but deny that we can expect all the electrons ia 
a given structure to be localized in particular chemical bonds. The 
quantum-mechanical view of ozone is that two of the total of six 
'bonduig' electrons serve to bind not two atoms but all three 
together, while in nitrate ion two out of the total of eight bonding 
dectrons bind the three atoms of oxygen equally to the coitr^ 
nitrogen. To approximate to these representations of the two 
molecules, and stiU retain classical bond-diagrams,' we most imagine 
diagrams in each case taken in equal parts and ' fused ' together, 
to give a single molecular drocture. Equalization of the bond 
lengths, required to obtain agremnent with experimental data, 
loiEbxws at tmce. Horeovm’, the originally localized n^;ative charges 
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become equally shared by more than one oxygen atom in each 
molecule. It must be emphasized that such somewhat circuitous 
methods of arriving at a true representation of a molecule originate 
from our persistence in emplo^nng the traditional bond-diagrams. 
If ozone and nitrate ion are treated ab initio from a quantum- 
mechanical standpoint, without a classical chemical prejudgment, 
the totally symmetrical structures would emerge quite naturally 
and directly. 

Although we have chosen to illustrate the phenomenon of meso- 
merism by two very simple molecules, the reader will at once realize 
what a widespread use must inevitably be made of the notion, so 
long as chemists wish to retain classical bond-diagrams. A further 
aspect of the matter is illustrated by the example of nitrosyl chloride. 
Classically we might be content with the diagram 0 =N— Cl, which 
at least assigns the correct valencies to all the atoms. However, 
it is found that the distance between the centres of the nitrogen 
and oxygen atoms is too short, and that between nitrogen and 
chlorine too long, to agree with this structure. Now we have reason 
to believe that the cation (N^O)+ is very stable (see p. 338), as is 
chloride ion Cl“. The ionic, salt-like molecule, (NOj+.d-, might well 
be as stable as the covalent type previously written. It becomes 
apparent that we ought to accept both structures, but not in the 
crude form of a tautomeric mixture, for the (gaseous) compound 
certainly has no actual salt-like properties. Again there must be 
an imaginary process of ‘ fusing ' the two bond-diagrams. This 
case difiers from those first noticed, for no chemist would accept 
the two diagrams as representing identicad structures. Quantum- 
mechanicd principles teach* that mesomerism must be assumed 
(a) when the interatomic distances in the bond-diagrams are equal 
or at most slightly different, i.e. when the * nuclear skeletons * of 
the diagrams are nearly alike, (b) when in addition to the condition 
(a) the diagrams represent structures, which, if they separately 
existed, would have nearly equal stability, i.e. nearly equal energies 
of formation. 

The term ‘ mesomerism,* by which we have described a matter of 
the most fundamental importance in chemistry, has unfortunately 
not gained the currency in chemical literature that it deserves. 
Most authors still appear to prefer the term ' resonance,* which, if 
employed {as it commonly is) away from its strictly quantum- 
mechanical context, is a wholly misleading description. It can 
hardly fail to give the impression that there is some actual vibra- 
tional relationship between the various bond-diagrams, concerned 
m the socalled ' resonance hybrid,' which is the r^lt of what we 
have caEed ' fusion/ No such relationship exists. It must be 
^i^riy understood that the real phenomenon we are concerned with b 
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not at aH the possibility of more than one bond-diagram (which is 
an accidental consequence of the way in which chemical thought 
has developed), but the participation of some at least of the bonding 
electrons in molecules in dU the bonds of the molecule. A further 
consequence of mesomerism is that the stability of the single 
structure deduced as a true representation of a molecule is greater 
than that predictable for any of the fused structures: and the 
larger the number of structures that can le^timat^y written and 
then fused, the greater is the gain of stability. This important 
effect may be invoked to explain what had long pulled chemists, 
why nitric oxide, NO, does not spontaneously polymerize to N2O2. 
The latter formula Was to be expected on purely chemical grounds, 
for it would assign correct valencies to the two atoms. We may 
distribute the ii available electrons in two ways, {a) ^d (i>): 


N 


N 


(a) 


(b) 


and the fused form would be more stable than either (a) or {b). It 
is, in fact, so stable ths^t the reaction 

2 N 0 -»-NA 1 

becomes endothermic. 

It will be clear that the principle of mesomerism often relieves us 
of the old problem of decision between several classical formulae. 
We are not only allowed, but compelled, to accept all possible 
formulae that comply with the essentid conditions mentioned above. 
In this connection we may refer again to carbon monoxide, to 
which, on semi-classical grounds, we assigned the single formula, 
C-sO+ (p. 339). The principle of mesomerism directs us to give 
consideration aJso to alternative formulae, such as those represented 
by the electron assignments (c) and {d) below; 


0 


(-) 


id) 


Both of these formulae would be classically written as C= 0 . The 
true representation of carbon monoxide is a fusion of at least all 
these types, but at present we caimot decide with certainty what 
* weight * in the ' fusion mixture ' should be given to the individual 
(and hypothetical) structures. The dassii^ bond-diagrams are 
proving too crude to represent the subtleties and complexities 01 
diemical e^bination, especially as they necessarily imply that 
beading dectrons are all apportioned to linking only pairs oi 
atqms. 
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CHAPTER XII 

HYDROGEN AND OXYGEN 

Hydrogen 

H=i*oo8o. Atomic Number, i 

History.— The recognition of hydrogen as a distinct species of 
matter (‘inflammable air’) is due to Cavendish, who in 1766 
obtained it by the solution of metals, e.g. zinc and iron, in dilute 
sulphuric and hydrochloric acids. It was Cavendish also who 
showed it to be a constituent of water (1781-4), a fact in virtue of 
which Lavoisier gave it the name hydrogen, or ‘ water-producer.’ 

Hydrogen is in many ways unique among the elements. Not 
only is it the lightest of all substances, but it has the lowest atomic 
number and atomic weight of any element. Its atom consists of 
a single proton accompanied by a single electron, and it is assigned 
to no group of the periodic table. The hydrogen ion, which in the 
unsolvated form consists of a single proton, is one of the ions of 
water, is the essential constituent of aquo-acids, and plays a part of 
extreme importance in the chemistry of solutions. 

OocoErence. — ^Hydrogen is one of the most abundant of elements, 
if the number of atoms is made the basis of the calculation, being 
preceded only by oxygen and perhaps by silicon, but its atomic 
weight is so sm^ that on a weight basis it takes a much lower 
place in the list of relative abundance. Nearly all the hydrogen 
in the world is in the form of water. Some free hydrogen occurs 
in certain natural gases, and hydrogen is an essential constituent 
of living matter. Little remains in the air, for the high molecular 
speed enables it to escape from the earth’s gravitational field, 

PiWaiatiOD 0! B^dtogen. — Nearly all the commercial methods 
for preparing hydrogen start from water; some hydrogen, however, 
is isolated from coke-oven gases. 

1. Water-gas Process.— Tme preparation of hydrogen from water- 
gas by the Bosch process is described in the section on S3mthetic 
ammonia (p. 388), and is carried out on an immense scale in most 
countries possessing a chemical industry. Liquefaction technique 
has made such advances in recent years that in Uuge installations 
of the future it may be decided to free the h^frc^en from the 
accompanying gases by liquefying them. 

2, Cokje-oven Gas.— Coke-oven ^ contains about 50 pei^.oent of 

3 S 0 
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hydrogen. The carbon dioxide and hydrogen sulphide can be 
removed chemically, and the gas is then compressed to ten atmo- 
spheres, a pressure at which the volatile hydrocarbons are liquefied. 
The liquid is a valuable source of ethylene. The uncondensed gas 
consists of hydrogen with a little carbon monoxide, from which it 
can, if necessary, be freed by passing it through liquid nitrogen. 

3. Liljenroth Process , — In this process a mixture of phosphorus 

vapour and steam is passed over a catalyst: I 

2P+8H,0=2H3P04+5H2. 

The phosphoric acid is combined with synthetic ammlpnia to make 
ammonia phosphate, used in fertilizers. This proc^ess w|^ worked in 
Germany before the war of 1939-45. \ 

4. Electrolysis . — ^The electrolysis of water, usually acidified with 
a little sulphuric acid, yields a very pure gas if the electrodes are 
separated by a diaphragm and care is taken to see that no mixing 
takes place. If the hydrogen is required under pressmre, it is found 
to be more economical of power to generate it directly under pressure 
by electrolysis than to generate it under atmospheric pressure and 
to compress it afterwards. The electrolytic process is worked at 
several factories where ammonia is S5mthesized by tjhe Claude 
process. Half the volume of oxygen is produced at the same time. 
Some of this can with advantage be used instead of air for the 
oxidation of ammonia to nitric acid, but oxygen is very largely a 
drug on the market and most of it is allowed to escape into the air. 

Cheap electric power is essential to the process, but in the neigh- 
bourhood of abundant water-power it can compete successfully 
with the Bosch process. Immense quantities of hydrogen are 
produced during the manufacture of caustic soda by electrolysis. 
Some is used for the manufacture of hydrogen chloride, but most 
of it is run to waste, since the gas cannot be liquefi^ without 
great difficulty, and this makes economical transport impossible. 
In certain parts of Germany, however, a system of pipe-lines was 
developed in which hydrogen could be transmitted at high pres- 
sme from the centres of production to the factories where it was to 
be used. 

5. Reduction of Steam mth Iron . — When iron is heated in steam, 
;^ triferric tetroxide and hydrogen arr produced: 

3Fe+4H,0«:Fe,04-f-4H,. 


The iron can then be regenerated by producer-gas or any other 
reducing gas. This process was formerly of importance, but is 
now used only in territories where fuel is scarce and power unusually 
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as much as any industry by modern applications of low-temperature 
and high-pressure tedmique. Besides the vast quantities used in 
the synthetic ammonia industry, production is absorbed in the 
manufacture of methyl alcohol and other synthetic organic 
chemicfids (p. 571), in the hydrogenation of coal, and in the harden- 
ing of oils and fats (p. 802)* Small quantities are used in the manu- 
facture of hydrogen chloride, the oxy-hydrogen and atomic hydrogen 
blo^ipes, and in filling balloons. 

Laboratory Preparaton. — ^In the laboratory hydrogen can be 
obtained from a cylinder or prepared by the action of dilute acids 
on metals. Zinc is the metal most commonly used for the purpose 
as, unless very pure, it dissolves readily in dilute sulphuric or 
hydrochloric acid. The action can be accelerated by the addition 
of a small quantity of a copper salt, which deposits copper on the 
zinc and forms a ‘ couple.’ Kipp’s apparatus or some similar 
device may be used. The gas is washed with water and dried 
with concentrated sulphuric acid, but it is not very pure, and 
cannot easily be freed from traces of air. 

Fairly pure hydrogen can be obtained from zinc and sulphuric acid 
by washing the gas with alkaline permanganate solution, followed by 
caustic potash and drying agents. In this way oxides of sulphur, 
carbon, and nitrogen and hydrides of carbon, phosphorus, and arsenic 
can be removed, but a little air remains. The purest hydrogen is 
obtained by electrolysis. Carbonates are very undesirable impurities 
in the electrolyte, because carbon dioxide, which is soluble in water, 
might diffuse from the anode to the cathode and contaminate the 
hydrogen. A solution of baiyta is therefore used, barium carbonate 
being insoluble in water. Back-diffusion of oxygen is minimized 
by the use of an apparatus of the familiar U-tube type, and if the 
apparatus is evacuated before electrolysis is begun, the only impuri- 
ties in the hydrogen evolved are water-vapour and a little back- 
diffused oxygen. The latter is removed by passing the gas over 
asbestos on which palladium has been deposited (compare platinized 
asbestos). This leads to the formation of water, and the hydrogen is 
dried first with caustic potash and then with phosphorus ^ntoxide. 

Hydrogen is also produced by the action of powerful reducing 
agents, such as the alkali-metals or chromous compounds, on water, 
or by the action of certain elements, such as zinc, aluminium, or. 
silicon, on caustic alkalis, but these methods are iiot often employed. 

Properties. — Hydrogen is a colourless gas with no taste or smell. 
It boils at —253® and can be condensed to a colourless solid at 
^259®. Hydrogen is the lightest of known substances, ^vmg 
a density of only 8*985x10-* gm. per c.c. at stanckrd temperature 
and pressure. This corresponds with a diatomic molecule. At 
the l)oiliiig-point, the liquid has the very low density of 0*071:1 gm. 
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per cx. Hydrogen is only very slightly soluble in water (about 
i8 cx. per litre at 12®), and forms no hydrates. On account of its 
low molecular weight, it diffuses very rapidly and can pass through 
such semi-porous materials as cork or rubber, a fact which it is 
often necessary to bear in mind in the laboratory. The large 
volumes of hydrogen which can be occluded by palladium are the 
subject of separate discussion (p. 811), but many/ other metals 
show this effect on a smaller scale, and at high tempWatures many 
metals, iron among them, become permeable to the gl^. 

Allotropy of Hydrogen . — It can be shown by calcmations based 
on wave-mechanics that hydrogen should be capable\of existence 
in two allotropic forms, differing in nuclear spin. This view was 
confirmed in 1929, when by fractional adsorption on chVcoal under 
pressure in liquid air, hydrogen was separated into its allotropes. 
These are called ortho- and para-hydrogen, and ordinary hydrogen 
is a mixture of the two in equilibrium, containing, at ordinary 
temperatures, just 75 per cent of the ortho-variety. There is a 
slight evolution of heat when the ortho- is converted to the para- 
variety, and the equilibrium proportion of the latter is consequently 
favoured by low temperatures. At liquid air temperatures the 
para-form predominates, and can be prepared nearly ‘pure from 
ordinary hydrogen by adsorption at this temperature on charcoal, 
a method which avoids the extreme slowness with which equilibrium 
is reached in the gas phase. Even at room temperature para- 
hydrogen, prepared in this way, is stable for nearly a week when 
confined in glass vessels, though such catalysts as charcoal or 
platinum cause a very rapid reversion to the equilibrium mixture. 
At high temperatures the conversion takes place as a homogenous 
gas reaction of order 1-5. It is supposed that the para-hydrogen 
molecules are converted by collision with hydrogen atoms produced 
in the ordinary way by thermal dissociation: 

H + H^(para) ^H -f- H^lortho) . 

The two forms of hydrogen show small but perceptible differences 
in physical properties. Ortho-hydrogen has not been obtained 
pure, as present methods allow the isolation only of the variety 
more stable at low temperatures, ,Jbut the melting-point of para- 
hydrogen is 13-88® Abs., compared with 13-92® Abs. for the ordinary 
form, and there is also some difference in the boiling-point, since 
at 20*39® Abs., the boiling-point of ordinary hydrogen, the vapour 
of para-hydrogen is 787 mm. The specific heats are also 
slightly different, and the conversion of one form to the other is 
twJly followed by measuring the resistance of a hot wire in the 
gas (p. 99k 

4 ^ive Syd^gen . — ^The dissociation of hydrogen mto free atoms, 
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negligible at ordinary temperatures, occurs freely at very high 
temperatures, such as can be attained with the electric arc. IT^e 
recombination of hydrogen atoms gives out much heat, 2H=H2+ 
103400 cal. (cf. 2H2+02=2H20 +ii6ooo cal,), a fact used in the 
atomic hydrogen blowpipe. A stream of hydrogen is partially 
dissociated into atoms by passage through an arc struck between 
tungsten electrodes, and when directed on to the surface of a metal, 
the latter strongly catalyzes recombination, and may easily be fused 
by the heat liberated. Welding in a reducing atmosphere may thus 
be effected. 

A more convenient method of producing atomic hydrogen is to 
submit hydrogen at normal temperature and low pressure to the 
action of high tension discharge in an appropriately constructed 
discharge-tube: one 2 cm. in (hameter and about 2 metres long is 
suitable. The atomization is facilitated by the presence of water 
vapour (or oxygen). As might be expected, the atomic hydrogen so 
formed is a powerful reducing agent. The oxides and chlorides of 
copper, mercury, lead, and bismuth are reduced to metal rapidly at 
room temperature. Phosphorus pentoxide yields phosphine, and 
ethylene, ethane. The alkali-metals are converted into their hy- 
drides in a strongly exothermic reaction, and hydrides are produced 
from elementary sulphur, phosphorus, arsenic, and antimony: even 
bismuth 3delds its hydride in traces. 

As an example of the activity of ordinary hydrogen, it may be 
mentioned that when under pressure it will precipitate lead from 
lead nitrate solutions at 250° and upwards. 

Hydrides. — ^At ordinary temperatures, however, hydrogen shows 
little chemical activity, and among the elements only fluorine, 
chlorine, and bromine combine with it in the cold and in the 
absence of a catalyst, while with chlorine and bromine the action 
of light is necessary. The binary compounds of hydrogen are 
called hydrides, but the term is not usu^y applied to such com- 
pounds with non-metals as HCl, hydrogen chloride, or HgS, 
hyckogen sulphide. The whole group of hydrides falls into three 
divisions which correspond at the same time with the properties 
of the compounds and with the position of the second element in 
the periodic table, 

I. Elements on the right-hand side of the table, including all 
the non-metals (except &e inert gases) as well as a few metals, 
form covalent hydrides. These are volatile colourless compounds, 
nearly all gaseous at room temperature. If we exclude the heavier 
hydrocarbons, the least volatile of them is probably water. The 
formula of these compoimds is where v is the group valency 

of the elem^t R^ but there are exceptions to this rule, such as the 
hydrides of boron or carbon, in which the molecule contains more 
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than one atom of R. In any group the stability of the hydrides 
decreases with increasing atomic number. 

2. The alkali-metals and the alkaline-earth metals form electro- 
valent hydrides; these are colourless substances solid at room tem- 
perature. Their electrovalent character is attested by their low 
volatility, their behaviour on electrolysis, and their ionic crystal 
lattice. Thus lithium hydride has the sodium chloride crystal 
structure, and when fused and electrolysed gives hydrogen at the 
anode. The general formula is MH^, where v is the ^oup valency 
of the metal M. 

3. Of the remaining elements many form no hydride, others 
form solid compounds of alloy type in which the valency relations, 
and even the composition itself, are sometimes not at al\ clear. 



Classification of the Hydrides 


Preparation of the Hydrides . — ^The principal methods are as follows: 

1. Direct combination. This seldom takes place unless a cata- 
lyst is present, but fluorine will combine with hydrogen even at 
veiy low temperatures. Heating is often sufficient — e.g. sulphur, 
iodine, or the alkali-metals — or the action of a catalyst under 
favourable conditions in the cold — e.g. oxygen or nitrogen. Certain 
dements, Such as arsenic, will comWne with ' nascent ' hydrogen, 
that is, with hydrogen in the course of production in the same 
reaction mixture, and the unstable hydrides of tellurium or lead 
can be prepared by electrolysis of aqueous solutions with cathodes 
made from these metals. Other elements, such as carbon, will 
combine with hydrogen under the influence of the electric spark. 

2. Many of the more volatile hydrides can be prepared by mutual 
i:eidacement, e.g. hydrogen chloride from sodiiim chloride and sul- 
phuric add or phosphoric acid. 

3. Certain hydrides, many of them difficult to prepare in other 
ways, can be obtained by the action of dilute acids on binary 
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compounds betw^n the element concerned and magnesium, 
calcium, or aluminium. The hy^des of silicon, for example, 
are made from dilute hydrochloric acid and magnesium sQicide. 

The more important hydrides other than water are discussed in 
connection with the second element. 

Hydrogen as a Reducing Agent. — At high temperatures hydrogen 
is a valuable reducing agent, but at ordinary temperatures its 
chemical inertness prevents much use being made of it. The 
displacement of hydrogen from solutions by the less electropositive 
metals is a reversible process, but it is usually very difficult to 
demonstrate the back-reaction, which in the absence of a catalyst 
takes place extremely slowly. Platinum is one of the best 
catalysts, and the hydrogen electrode, made of platinum covered 
with platinum black (p. 250), depends on the reversibility of the 
change: H2^2 electrons-}-2H’. In the presence of platinum black 
gaseous hydrogen at normal pressure will reduce solutions of 
chlorates, cupric and silver salts. The reducing power of hydrogen 
appears to be greatly enhanced by the presence of metds. At 
ordinary temperature hydrogen released in acid solution by zinc or 
magnesium reduces arsenic compounds to arsine; nitrates are easily 
reduced to ammonia by hydrogen released in alkaline solution by 
aluminium, and electrolytic reduction at cathodes of mercury and 
lead is much used. At slightly higher temperatures in the presence, 
for example, of nickel, ethylene is reduced to ethane, and carbon 
monoxide to methane. The detailed mechanism is still somewhat 
controversial, but it is agreed that the efEective reducing agency is the 
temporary binding of hydrogen atoms to the metal surface, and that 
metals show specific powers in so holding hydrogen. 

Deuterium. — In 1919 Stern and Vollmer searched for a heavy 
isotope of hydrogen by a diffusion process. They failed because 
they used hydrogen prepared by dectrolysis, which, as is now 
known, contains very little of the heavy isotope. Indeed, until 
1929 the existence of any such isotope seemed unlikely, since the 
atomic weight of hydrogen agreed closely with the mass of the proton 
determined with the mass-spectrograph. The discovery of the 
heavy isotop)es of oxygen introduced a discrepancy into this agree- 
ment, and late in 1931 the existence of a hydrogen isotope of mass 
number 2 was announced in America by Urey, Brickwedde, and 
Murphy, who obtained it by the fractional evaporation of liqmd 
hydrogen. They called it deuterium (s5nnbol D). In the following 
year Washburn and Urey effected a partial separation of ’ heavy 
water,' or deuterium oxide, D^O, by electrolysing ordinary water, 
in which it occurs in very sm^ proportion; the ordinary water is 
decompo^ more rapidly than the heavy water. 

Hydr<^en is distinguished from all other elements by the ease 
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with which its isotopes can be separated, a consequence of the 
great relative difference in mass number. Ordinary hydrogen and 
ordinary water are believed to contain one atom of D in about 
5,000 of H, and no segregation of isotopes has been detected in 
different natural waters. Fractional electrolysis of water is used 
as a method of concentration, and instead of ordinary water the 
electrolyte from commercial cells used in makingj oxygen and 
hydrogen may be used with advantage, as it alre^y contains a 
concentration of DgO above the normal. From 20 utres of such 
water (sp. gr. 1*000034) G. N. Lewis and Macdonai^ obtained as 
residue 0*12 c.c. containing over 99*99 per cent DgO. This water has 
a sp. gr. of 1*1056. Mixed with ordinary water it tnay also be made 
by fractional distillation of water, preferably at reduced pressure, 
or by acting on dilute acids with iron or zinc, when the hydrogen 
in the residue retains an increased concentration of D. Thermal 
diffusion of hydrogen also leads, as would be expected, to separation 
of the isotopes, and so does fractional absorption. The atomic 
weights of the two isotopes, in terms of the isotope, are 1*008123 
and 2*01471. 

Pure deuterium oxide freezes at +3*8° and boils at 101*42®. 
The vapour pressure is 87 per cent of that of ordinary water at 20® 
and 95 per cent at 100®; hence the advantage of distillation at low 
pressure when attempting the separation. Like ordinary water, 
heavy water has a temperature of maximum density, but it is ii*6® 
instead of 4®. This indicates a greater * degree of association * in 
heavy water, as also do the lower volatility, the higher heat of 
vaporization, and the much greater viscosity (28 per cent over that 
of ordinary water at 10®). The deuterium ion has a much reduced 
mobility, for which the increased viscosity of the medium is partl}^ 
responsible. The solubility of many salts in heavy water is less 
than in ordinary water, though others are more soluble. The 
refractive index of heavy water is different from that of ordinary 
water, and this property, together with the density, is commonly 
used in determining the proportion of heavy hydrogen in a sample. 
Heavy water is very hygroscopic. It is believed not to support the 
life of higher organisms, for tobacco seeds die when placed in it, 
and the same has been said of tadpoles, worms, and fish. 

Ammonia containing 99 per cent heavy hydrogen has been pre- 
paid from magnesium nitride and heavy water. Its freezing- 
point is 1*3® higher and its boiling-point 2*2® higher than that of 
ordinary ammonia, while the heat of vaporization is 193 calories 
per mole greater (compare heavy water). It BSae <M;dinary 

ammonia. Many organic compounds are Imown in which deu- 
terium has been Substituted for hydrogen. They do not differ 
markedly from the hydrog^ compounds. 
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The Valency of HydxogeiL — A number of compounds is now known 
in which we are compelled, on expeimental grounds, to assume 
that a pair of atoms from the group nitrogen, oxygen, and fluorine 
is brought, by the agency of hydrogen, into a close contiguity, or 
into a structural relationship, only comprehensible if in some way 
hydrogen exerts a bonding action between the pair of atoms. As 
examples may be quoted: 

(1) The ion HFg', which must be formulated (F.H.F)~. 

(2) Pairs of oxygen atoms in crj^stals of KH2PO4 and of NaHCOj 
are abnormally close together. 

(3) The crystal structure of ammonium fluoride, NH4F, in which 
nitrogen atoms are found with only four fluorine neighbours, 
instead of the eight to be expected if the structure were similar 
to that of other ammonium halides (p. 90). 

(4) The constitution of ice and water, discussed on p. 103. 

(5) The dimeric forms of the lower fatty acids, such as formic and 
acetic acids, have recently been proved (by the method of 
electron diffraction) to have the structure 



As explained on p. 347 hydrogen is debarred from exerting a 
normal bivalency, since in no case could the atom accommodate 
more than two electrons. The most probable explanation of the 
bonding effects exemplified above is one based on two unique 
properties of hydrogen: (a) The proton is unprotected by non- 
valency electrons, (6) the small radius of the (combined) hydrogen 
atom (approximately 0*3 Angstrom units). Both these properties 
would enhance a purely electrostatic attraction between hydrogen 
and the atoms it links together. It is no doubt significant that the 
' hydrogen bridge ' has only been observed between highly electro- 
negative atoms. In the case of HFj' it may well be assumed that 
the structure is purely ionic, and to be formulated as F~.H+.F-. 
Such a view is strongly supported by the observation that in 
difierent hydrofluorides (e.g. of sodium, potassium, and ammonium) 
the distance between the fluorine atoms varies,, and is thus afiecteu 
by nature of the cation present. Such an effect would be expected 
if the binding in the anion were ionic. The best-known example 
of hydrogen bridges between oxygen atoms may be regarded as 
originat;^ either in the interaction of two hydroxyl groups {or 
jons) as in ice, or in the interaction of a hydroxyl group with double- 
bound oxygen, as in the fatty adds. It is almost certain that in 
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these examples the linking hydrogen atom remains closely asso- 
ciated with the oxygen atom to which it would be solely attached 
in the monomeric molecule, i.e. it does not assume a position equidis- 
tant from each bound oxygen atom. In such examples, therefore 
we must invoke dipole forces rather than simple ionic attractions. 


Water \ 

Water, Hydrogen Oxide, Hydrogen Hydroxide, Jiji, the most 
abundant of all compounds, though the preparation of pure water 
is a matter of great difficulty. This arises from two Icauses: first, 
that water dissolves traces of impurity from most of the materials 
commonly employed for containing vessels; second, that water 
contains dissolved gases very difficult to remove. The first diffi- 
culty can be overcome by the use of well-steamed«out vessels of 
hard glass, or, better, of block tin or platinum or fused silica; but 
the second is more serious. For conductivity work the purest 
water is required — the so-called 'conductivity-water' — and the 
presence of carbon dioxide or ammonia, which commonly occur in 
ordinary distilled water, is very undesirable, as solutions of these 
gases are conductors of electricity. A prelimin^ distillation 
from sodium hydrogen sulphate, to retain ammonia, followed by 
a second distillation from alkaline permanganate, to oxidize organic 
impurities and retain carbon dioxide, gives fairly good water, but 
a more laborious process is needed to secure the b^t results: this 
usually consists of fractional condensation of steam or removal 
of dissolved gases from water in a current of pure air, or a combina- 
tion of both; see also p. 144. During these operations the water 
must be rigorously protected from the atmosphere. 

Water is a liquid ^vith a faint blue colour that is apparent 
only when a considerable thickness is viewed. It has no taste or 
smell. The freezing- and boiling-points of water under standard 
pressure are taken as the fixed points of the Centigrade thermo- 
metric scale, and are denoted by o® and 100® respectively. The 
^lid form, ice, has also a faint blue colour. Since the density of 
ice, 0*917 gm. per c.c. at o®, is much lower than that of water, the 
fieezing-point of water is lowered % the application of pressure, 
but Bridgman and others have found that at great pressures 
several difierent forms of ice denser than water are produced. 
Th^ is no doubt that water, no kss than ice, must be considered 
as highly polymerized or macromdecular; this problem has been 
#icii^ed in connection with the association of liquids (p. 102). 
THe current e^lanation of the anomalous co-effident of expansion 
wato is given on p. 163. The gaseous form at water, called 
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water-vapour or steam, is colourless. Its density at 100® and 
atmospheric pressure is rather higher than corresponds with the 
simple formula HjO. If it be assumed that the polymerized 
molecules have the formula (H20)2, then in steam at 100® these 
amount to about 9 per cent of the total number of molecules* 
The dissociation of steam into oxygen and hydrogen on heating is 
extremely slight, and amounts only to 4 per cent at 2500®; while 
at all temperatures up to 1000® or over it is imperceptible. 

Water in the pure state is a veiy poor conductor of electricity, 
and is very weakly ionized. The ionic product [H‘] [OH'], deter- 
mined by the methods discussed in Chapter VI, p. 191, is only 
1‘iXio-^^ at 25®, and if any further dissociation of the hydroxyl 
ion takes place it is too feeble to be detected. The 

chemical importance of water is due to its abundance and its solvent 
powers, which have made it the standard substance for our defini- 
tions of acidity and alkalinity, definitions which have had a great 
influence on chemical theory. 

The oxidation of water produces oxygen (e.g. chlorine), or more 
rarely ozone (e.g. fluorine) or hydrogen peroxide (e.g. steam in the 
hydrogen flame). The reduction of water 3delds hydrogen. If we 
exclude the formation of additive compounds, the remaining re- 
actions of water can be classified as hydrolyses. Certain aspects of 
hydrolysis have been discussed in Chapter VI, p. 203. The nature of 
the products depends chiefly on whether the water acts as a donor or 
an acceptor (p. 346), and the extent of the process depends on the 
tendency to ionization of the products and on their volatility. 
Thus, to compare a weak acid with a strong one, acetates are 
more subject to hydrolysis than chlorides, and to compare 
two strong acids, sulphates are less easily hydrolysed than 
chlorides. 

Additive compounds between water and other substances, trom 
which the water can easily be recovered unchanged, as for instance 
by reducing the pressure, are called hydrates, a name which should 
not be applied to the totally dissimilar class of substances the 
hydroxides. Hydrates are often formed by co-ordination of the 
water-molecule, which may act either as donor or acceptor, with 
other atoms or ions. It is very probable that the tendency of 
water to combine with solute ions is an important cause of the high 
ionizing power of water as a solvent. 

The very important catal3^ic properties of water are discussed 
elsewhere ^ 215). 

Natmal Waim— The most important natural waters are sea- 
water, r^n-water, spring-water, and river-water. The total solid 
content sea-water varies very much in different parts of the world. 
The Baltic ^a, which is fed by many rivers and where there is 
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little evaporation, contains some 0*5 per cent, the Atlantic about 
3 per cent or 4 per cent, and the Dead Sea (really a lake) np to 
25 per cent. The salts derived from ocean-water are largely 
s^ium chloride, with smaller proportions of magnesium, calcium, 
and potassium salts, and of sulphates. Rain-water is the purest 
of natural waters, and besides dissolved oxygen, .nitrogen, and 
carbon dioxide may contain only nitric acid or ammonium nitrate 
in small traces produced by fixation of atmospherac nitrogen in 
thunderstorms. In the neighbourhood of the ^a rain-water 
usually contains salt, and in industrial areas much dust and some 
sulphuric acid from the combustion of coal. In spnng-water, a 
large variety of substances may be found in difier^t localities. 
Medicinal properties are often attributed to waters with 'a noticeable 
solute content. River-water is derived partly from rain and partly 
from springs, and is usually nearly pure unless contaminated by 
the discharge of sewage or factory waste. 

For drinking-water the bacteriological analysis is at least as 
important as the salt content; but the presence of ammonia, 
whether free or combined, is always regarded with suspicion, for 
this substance is one of the products of the decomposition of 
animal matter. ^ 

Hardness of Water, — Spring-water usually contains in solution 
bicarbonates, chlorides, and sulphates of calcium and magnesium. 
These salts give the water properties, described as * hardness,' 
which are inconvenient if the water is to be used for certain purposes. 
Hard water, for example, leaves a residue, or ‘ scale,' when 
evaporated in boilers, and when treated with soap precipitates a 
* soap ' of calcium or magnesium which is insoluble in water and 
therefore has no lathering properties. The hardness of water is 
usually measured by observing the volume of a standard soap 
solution needed to produce a permanent lather in it. 

The bicarbonates are decomposed by boiling, which piecipitates the 

aHCO/^HjO-f CO, f +C 0 / 

insoluble normal carbonates of calcium and magnesium, and leaves 
the water free from this cause of hardness, which is therefore 
described as ‘temporary.' The -same change can be brought 
about by making the solution alkaline with lime; 

HCO.'+OH'^CO.'+HA 

The ‘ permanent * hardness, due to chlorides and sulphates, can 
be removed by the addition of sodium carbonate, which precipitates 
the carbonates of calcium and magnesium, or by th^ use of a 
permutite filter |p. 540). Sodium s^ts in small concentration do 
seriously affect the lathering power of soap. 
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Oxygen 


0 =i 6 -oooo [standard]. Atomic Number^ 8 


History. — The principal facts of the history of oxygen were 
discussed in the Historical Introduction (pp, 27-38). 

Atomic Weight Standard. — ^The atomic number of oxygen is 8. 
Its atomic weight is taken to be exactly 16, and is used as the 
standard for the atomic weights of other elements. If the atomic 
weight of hydrogen, i*oo8o, were taken as exactly i, the atomic 
weight of oxygen would be 15-873. It has recently been dis- 
covered that oxygen contains very small quantities of isotopes of 
ay^mic weight 17 and 18. It will be noticed that if aU the isotopes 
ol oxygen had integral atomic weights on the basis of H==i, the 
atomic weight of oxygen would be slightly more than 16, instead 
of slightly less: the deviation of the atomic weight of hydrogen 
from unity when 0=i6 is to be explained, not by the existence 
of isotopes of oxygen, but by the theory of relativity (p. 327). 

Occurrence. — Oxygen is the most abundant of all the elements, 
and is said to compose, by weight, about one-half of the crust of 
the earth, including the sea and the atmosphere. Water contains 
89 per cent by weight of oxygen, and air 23 per cent. Together 
with carbon, hydrogen, and nitrogen, oxygen is an essential con* 
stituent of living matter. 

Preparation. — Oxygen is prepared on a large scale by the frac- 
tiond evaporation of liquid air, this process having taken the place 
of the old barium peroxide process. Immense quantities of oxygen 
are produced during the electrolysis of aqueous solutions, whether 
for the manufacture of hydrogen or for other purposes, but this ' 
oxygen is usually discharged into the air, as it is unprofitable to 
collect it unless some use can be found for it near at hand — as, 
for example, in the oxidation of ammonia to nitric acid. Most of 
the oxygen of commerce is used in oxy-hydrogen, oxy-coal gas, or 
oxy-acetylene blowpipes for cutting or welding met^, but small 
quantities are used in medicine. 

In the laboratory oxygen is usually obtained from a cylinder of 
the compressed gas. Alternatively, it may be prepared by heating 
potassium cnlorate, when the first action is the formation of potas- 
sium perchlorate, followed by the decomposition of this substance. 

4KC108=3KC104+Ka KC 104 ==KCl-f 20 a f . 

In the absence of a catalyst the action takes place at a fairly high 
temperature, is then violent if not actually explosive hence 
^ catalyst is added, usually manganese dioxide. If this substance 
IS used it i$ wise to make sure that it has not been adulterated with 
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charcoal, which causes dangerous explosions. Soditim chloride is 
sometimes added to the reaction mixture. The principal impurities 
in oxygen prepared by this method are nitrogm and argon^ which 
must be driven from the apparatus before the collection of gas 
is begun, and chlorine, which can be absorbed in caustic alkali 
solution. Oxygen can be dried with any of the usual drying agents. 

Oxygen can ^so be obtained by heating potassium permanganate* 
mercuric oxide, and other substances, or by the decomposition of 
hydrogen peroxide or aqueous solutions of sodium peroxide. The 
purest gas is obtained by electrolysis of a solution ot a chromate 
or a permanganate in dilute sulphuric acid. If di^olved gases 
have been removed from the acid solution by boiling it before 
adding the oxidizing agent, water is the only detectable impurity 
in the gas rising from the anode. 

Properties. — Oxygen is a colourless gas, without taste or smell, 
which at —183® can be condensed to a pale blue liquid, freezing 
at —219®, Liquid oxygen is attracted by a magnet. Solid oxygen 
exists in at least two crystalline forms, the reason for the dimorphism 
remaining obscure. The vapour density of oxygen shows the mole- 
cule to be diatomic. The gas is only slightly soluble in water (less 
than 40 C.C. per litre of water at 12®), but is considerably more 
soluble in alcohol. 

At ordinary temperatures oxygen reacts with the majority of 
substances either slowly or not at all, but nearly all the elements 
. will combine directly with oxygen if heated to a sufficiently high 
l^perature in the gas. Gold, platinum, and the halogens cannot 
be made to combine directly with oxygen. Binary compounds of 
CKXygen are called oxides, and oxides have been prepared of all the 
Tonown elements with the exception of the inert gases. The oxides 
are compounds which may be solid, liquid, or gaseous, soluble in 
water or nearly insoluble, and in fact they display an extreme 
variety of properties. The most useful classification depends 
chiefly on the behaviour with acids and bases. 

(i) Acidic oxides react with bases to form salts with the element 
of the oxide in the anion, e.g. phosphoric oxide, sulphur 
dioxide, silica. 

(ii) Basic oxides react with acids to form salts with the element 
of the oxide in the cation, e.g. calcium oxide, ferrous oxide, 
lead monoxide. 

(iii) A^hoteric oxides show both acidic and basic properties. 
Sm<^ nearly all oxides are in some degree amphoteric, the 
term is usually restricted to those in which the acidic and 
baric propi^ies are of comparable str^gth, c.g. aluminium 
oxide, antimony trioxide. 
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(iv) Peroxides contain the grouping — O — O — , and yield hydro^n 
peroxide with dilute acid. Examples are sodium peroxide 
and barium peroxide. 

The nature of the oxides formed by the elements varies in a 
fairly regular way with the position of the elements in the periodic 
table. Those metallic elements lying on the left of the table (in 
the form on p. 303) form chiefly basic oxides and peroxides, 
while the elements on the right are non-metals and form acidic 
oxides. When an element forms more than one oxide, the acidity 
increases with the valency: manganese and chromium offer good 
examples of this phenomenon. In each group of the table the 
acidity of the highest oxides decreases with increasing atomic 
number, and in passing from left to right along a horizontal series 
the acidity of the highest oxides increases, as has already been 
pointed out. 

The affinity of the oxides for water is extremely variable. Some 
combine with it with avidity to form compounds called hydroxides, 
which contain the univalent hydroxyl group, OH. The term 
* hydroxide * is, however, usually restricted to the hydroxides of 
the metals, which, if soluble in water, are called alkalis. Water 
itself remains outside any classification of the oxides based on 
alkalinity or acidity, since these terms are defined with respect to 
the constituent ions of water, but alternative definitions are possible 
and have on occasion been used (see, for example, p. 192). 

Mixtures of oxygen with hydrogen and other inflammable gases are 
explosive unless either constituent is present in very large excess. The 
combustion of hydrogen, acetylene, or coal-gas in oxygen produces 
an intensely hot flame used in the blowpipe. In this instrument 
the hydrogen and oxygen are fed from separate cylinders into 
concentric tubes and meet at the nozzle. The combination of 
oxygen with hydrogen is one of the numerous gas reactions which 
at ordinary temperatures have a great affinity but a negligible 
velocity. At room temperature no trace of reaction can be ob- 
served, but an explosion takes place if any part of the mixture is 
heated to 800® — ^say with a match or by a spark— or exposed to 
a fragment of platinum black or any other suitable catalyst. The 
perfectly dry gases will combine if a powerful firing spark is used. 

Oxidi^n and Bednction. — The addition of oxygen to a substan^, 
fhe removal of hydrogen from it, or any similar alteration of its 
dectropodtive or electronegative constituents, is called oxidation. 
The reverse process is called reduction. When one substance is 
oxidized another must be reduced, though in an electrolytic cell 
oxidaticHu may take place at one electrode (the anode) and redaction 
at the other (the ca&ode). 
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Oxidation of an ion or molecule may also consist in the removal 
of electrons from it. Some examples of both types may be given. 

Transfer of Oxygen Atoms. — Ferric oxide oxidizes aluminium to 
aluminium oxide, and is itself reduced to iron: 

Fejj03+2Al=2Fe+Al203. 

Hypochlorites oxidize bromides to bromates: , 

3C10'+Br'=3Cr+Br03'. 

Transfer of Hydrogen Atoms. — ^Hydrogen bromidelis oxidized to 
bromine by chlorine, which is reduced to hydrogen chloride : 

2HBr+Cl2=Br2+2HCl. \ 

Transfer of Electrons. — Ferric salts oxidize iodides to iodine, and 
are reduced to ferrous salts: ' 

2 Fe*“+ 2 l'= 2 Fe‘'- 4 -l 2 . 

Electrolytic Oxidation. — Chlorides can be oxidized at an anode 
to chlorine, and sulphates to persulphates. Compensating reduc- 
tions must take place at the cathode: 

2Cl'--2 electrons==Cl2. 

2SO4''— 2 electrons=S208*. 1 

Oxidation in Acid Solutions. — In many oxidations in aqueous 
solution oxygen atoms are reduced to hydroxyl ions: 

O2+4 elect^ons=20^ 20*'+2H20=40H'. 

Such processes usually require the presence of an acid. Thus 
solutions of iodides are oxidized by hydrogen peroxide in the 
presence of an acid, but not in neutral solution: 

H202+2r+2H~2H20-fl2. 

Atomie Oxygen. — By passing oxygen at low pressure (i mm.) 
through a silent electric discharge, many of the molecules are split 
up into single atoms; and although these quickly recombine to form 
the ordinary diatomic molecules, some of the properties of atomic 
oxygen have been studied. It will, for instance, decompose hydro- 
carbons, the reactions being accompanied by an intense blue chemi- 
luminessjence; and will melt platinum owing to the great heat 
evolved when the atoms recombine — a reaction greatly catalysed on 
the surface of the metal. It will also oxidize bromine to Br02, and 
hydrogen bromide to bromine and water. 

OZOKE, O3 

Kiitory* — The peculiar smell caused by the passage of an electric 
discharge through air seems to have b^ first observed by van 
Marum in 1785. ScHONBEiN (1839-40) showed that the smell 
was due to a new gas, vrtiich he call^ * bzmie/ from the Greek 
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Oxygen 


'jetv, to smell The constitution of the gas, 0 ^, was established 
by SoRET {1866). 

preparation* — The formation of ozone from oxygen according 
to the equation 302^203 is a strongly endothermic reaction, and 
the equilibrium yield is consequently promoted by high tempera- 
ture, as well ^ by increased pressure. At room temperature 
and atmospheric pressure the equilibrium yield of ozone is prac- 
tically nil, and even at 2000® it is only 1-5 per cent. The formation 
of ozone by simply heating oxygen ^ 

can, however, be demonstrated by ^ 

plunging a white-hot platinum wire Ozonised 
into liquid oxygen. The oxygen in 0 >y^en 
contact with the wire is quickly — 
heated and as quickly cooled, and 
there is no time for the ozone pro- 
duced at the high temperature to 
decompose before it reaches a low 
temperature at which the rate of de- 
composition is very slow. 

A more practicable method for the 
preparation of ozone is the action 
of the silent electrical discharge on 
oxygen at room temperature. A 
simple form of apparatus for this 
purpose is shown in the diagram 
(Brodie's ozonizer). A double tube is 
immersed in dilute sulphuric acid, with 
which the inner tube is also filled, and 
the discharge from an induction coil Fig. 102. Brodie's Ozonizer 
is passed across the annular space 

while oxygen is allowed to flow through it. Other electrolyses \vdll 
do as well. If air is used instead of oxygen some oxides of nitrogen 
may be formed at the same time, particularly if sparks are allowed 
to pass. In commercial plants it is important that this should be 
avoided, and the discharge is usually passed between glass plates 
covered with wire gauze, while a slow current of air passes through 
the system. 

Ozone is also produced from air or oxygen under the influence of 
ultra-violet light, and is formed, together with oxygen, at the anode 
during the electrolysis of aqueous solutions with a high cunent 
density. Anodes, such as those of smooth platinum, whidh have 
^ high oxygen over-voltage, are the best. The action of fiwrine 
on water produces oxygen mixed with a considerable proportion 
of ozone. 

Since ozone is unstable at ordinary temperatures it is essential, 
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during its preparation, to keep the apparatus cool, to diminish as 
far as possible the rate of decomposition. Pure ozone free from 
oxygen is difi&cult to prepare, but a product containing 8o per cent 
or 90 per cent of ozone can be obtained by cooling in Uquid air the 
gas issuing from an efficient ozonizer. Since ozone is less volatile 
than oxygen, the residue which remains after most of the condensed 
gas has evaporated is very rich in ozone. A purer product can be 
obtained by liquefaction of ozonized oxygen, followed by fractional 
^stillation of the liquid. The ozone so prepared melts at —250® 
and boils at —112°. It decomposes fairly rapidly m the gaseous 
state even at low temperatures, but it has been found possible to 
measure its vapour density, which corresponds with the formula 0^. 

Properties. — Ozone in the gaseous state has a very pale blue colour, 
and when condensed to a liquid is much darker in colour than 
liquid oxygen. Liquid ozone is dangerously explosive. Ozone has 
a very powerful smell not unlike that of chlorine, and is poisonous, 
but in very low concentrations it is perhaps beneficial, since it 
destroys bacteria present in the air. Indeed, slightly ozonized air 
is much used in ventilation, as for instance on the tube railways in 
London, where the smell of the gas is often noticeable. In the 
neighbourhood of electrical machinery, too, the smeU 6f ozone can 
often be detected, but the odour sometimes attributed to ozone at 
various seaside resorts is mainly due to decaying seaweed. 

The composition of ozone remained undetermined by the earlier 
investigators, on accoimt of the difficulty of preparing the pure 
gas; it was first established by Soret in 1866. It could be shown 
without difficulty that ozone was an allotropic form of oxygen 
with a different molecular weight. Soret took two equal volumes 
of the same specimen of ozonized oxygen, and converted one to 
oxygen by heating it, noting the increase in volume after the 
sample had been restored to its original temperature and pressure. 
The ozone in the second sample was absorbed in cinnamon oil, 
in which it is very much more soluble than is oxygen, and the 
contraction was noted. From this second experiment the volume 
of the ozone present in the ozonized oxygen, under the given 
conditions of temperature and pressure, could be directly measured, 
and was found to be twice the expansion produced by conversion 
to oxygen. It follows that ozone increases in volume by one-half 
when converted to oxygen, so that ozone must have the formula 0,. 
the decomposition being represented; For the structure 

of ozone see p. 352. 

Ozone is only very slightly soluble in water, which is chemically 
unaffected by it, but it dis^lves freely in the essential oils such 
as o 3 of cinnamon or turpentine. The power which th^ solvents 
possess nf dissolving the gas is connected with the presence of ^ 
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double bond in their molecular structure. Ozone combines with 
nearly all, perhaps with all, unsaturated carbon compounds, 
e.g. ethylene, to produce unstable additive compounds called 
ozonides, which are of some importance in organic chemistrj% 
particularly in investigations of structure. For this reason ozone 
rapi^y corrodes rubber, and also attacks cork, though more slowly. 
The spontaneous decomposition of ozone takes place slowly at 
ordinary temperatures and more rapidly on warming: it is also 
greatly accelerated by certain catalysts, such as carbon or cupric 
oxide. O 


/ 

CHa CH, 

6 

Ethylene Ozonide 

Ozone is a powerful oxidizing agent which under suitable con- 
ditions will convert all metals except gold and some of the platinum 
group to their oxides; in these changes it usually behaves like a 
specially active form of oxygen. Mercury exposed to ozone, even 
in small concentration, is superficially attacked and tends to stick 
to the glass vessel in which it is confined: this ‘ tailing ' is one of 
the tests for ozone. The oxidation of manganous solutions by 
ozone may lead to a variety of products and is discussed elsewhere 
(p. 764). Iodides are oxidized to iodine even in neutral solution: 

2r+o,+n,o^20w+i,+o,. 

Oxygen is set free at the same time, so that only one of the three 
oxygen atoms of the ozone molecule is effective in this reaction, 
but in acid solution hydrogen peroxide is also produced, while in 
alkaline solutions some at least of the ozone forms an iodate 
according to the equation I'+08=I03'. Ferrous solutions are 
oxidized to the ferric state, ferrocyanides to ferricyanides, nitric 
oxide to higher oxides, hydrogen sulphide to sulphur, and sulphur 
in suitable conditions to sulphur dioxide, or, in the presence of 
hioisture, to sulphuric acid. Halogen is set free from all the 
hydrogen halides except hydrogen fluoride, e.g. : 

2 HBr-f“ 03 = Brg-|- 02'4'H20. 

Methane is oxidized in the cold to carbon dioxide and water, but 
hydrogen and nitrogen are unaffected under ordinary conditions. 

Ozone can be detected by its oxidizing pjroperties, but it is more 
^fficult to distinguish it from other oximzing agents, and parti- 
^?^rly from hydrogen peroxide. However, ozone is unique in 
a violet colour with test-papers soaked in solutions of an 
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organic compound usually called ‘ tetramethyl base/ ^ and, unlike 
hydrogen peroxide, it is unaffected by a solution of potassium 
permanganate. 

Ozone is used in artificial ventilation, in purifying water from 
organisms, and in bleaching. 

In the lower atmosphere, ozone sometimes occurs in traces 
(e.g. one part in 10,000,000). In the higher atmosphere, at a 
distance of some forty to fifty kUometres from the ground, it is 
present in large quantities, the amount varying wii^ the latitude 
and with climatic conditions. 


Hydrogen Peroxide, 

History. — Hydrogen peroxide was discovered by Thenard (1819), 
though it was not prepared pure until 1894, by Wolffenstein. 

Preparation. — ^The formation of hydrogen peroxide from oxygen 
and water, 2H20+02=2H202, resembles the conversion of oxygen 
to ozone in that it is an endothermic reaction which gives an 
appreciable equilibrium yield of the product only ajt very high 
temperatures. Even at 2000® the yield of hydrogen peroxide is 
minute, but traces are formed when steam is blown through a 
flame of burning hydrogen, or when such a flame is directed on 
to ice. The thermal equilibrium can, however, be displaced by 
electrical methods {compare ozone). At the temperature of liquid air 
the brush discharge produces a good yield of hydrogen peroxide 
from oxygen mixed with either so little or so much hydrogen that 
the mixture is not explosive, and at ordinary temperatures hydrogen 
peroxide sometimes appears at the anode during the electrolysis 
of acid solutions. 

None of these methods is put to practical use. On a commercial 
scale hydrogen peroxide is prepared from permonosulphuric acid 
by adding sulphuric acid and distilling at low pressure: 

S0,-'+H20-=S0/+H202t, 

or from barium peroxide and dilute sulphuric acid. In the 
laboratory hydrogen peroxide is best prepared by distilling at 
low pressure and a temperature of 50^-60® dilute sulphuric acid 
which has been nearly neutralized by sodium peroxide: 

Na2024-2H’«=2Na'+H202 f * 

The mixing is carried out in a freezingrmixture, with constat 
stirring, and the solution can be concOTtrated before distillation 
by allowing the sodium sulphate decahydrate, Naj|S04.ioH20i to 
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settle out, carrying with it a good deal of the water. Commercial 
sodium peroxide always contains a little chloride, and hydrogen 
chloride therefore finds its way into the distillate, from which it 
must be removed, if a very pure solution is required, by a further 
low-pressure distillation from silver carbonate. This method has 
superseded the former preparation of hydrogen peroxide from 
barium peroxide and sulphuric acid. 

In another method, carefully purified barium peroxide (p. 493) 
suspended in water is treated with phosphoric acid, when barium 
phosphate is precipitated and an aqueous solution of hydrogen 
peroxide is formed: 

3Ba02+2H3P04=Ba3(P04)2 + 3 H 2 O 2 . 

The phosphoric acid is recovered by the action of sulphuric acid 
upon the barium phosphate: 

Ba3(P04)2”f“3^2^^4~3®^^^4 \ “I“2H3P04, 

and the barium sulphate formed as a by-product is sold as a pigment 
(* blanc fixe '). The solution of hydrogen peroxide obtained in 
this way is very pure and usually contains about 45 gm. of HjO* 
per litre. 

The volatility of hydrogen peroxide is comparable with that of 
water, and hence solutions of the peroxide in water cannot be 
concentrated by evaporation beyond a certain point, apart from 
the losses caused by decomposition. By evaporation in vacuo 
hydrogen peroxide solutions can be concentrated to about 70 per 
cent, though not without the risk of explosion. A better method is 
to mix the solution with an inert hydrocarbon such as cymene and 
distil at low pressure, when nearly all the water collects with the 
cymene in the distillate: a process somewhat similar to steam 
distillation. Nearly pure peroxide can be prepared by freezing 
concentrated solutions and removing the water as ice. 

PropertiBS. — Hydrogen peroxide is nearly colourless, but its 
pale blue colour is probably intenser than that of water, though 
not at all noticeable under ordinary conditions. At ordinary 
temperatures it is a viscous liquid with a density of about 1*44. 
This liquid freezes at — i®, and under 20 mm. pressure boils in the 
neighbourhood of 60®. The structure of hydrogen peroxide is 
probably HO.OH, the two hydrogen atoms being a^anged in 
directions perpencUcular to one another and to the axis joining the 
oxygen atoms. Hydrogen peroxide mixes with water in all pro- 
portions, and is also very soluble in certain organic liquids, e.g. 
alcohols and ethens. With such solvents and water it gives a 
nearly constant distribution ratio, indicating a similarity of mote- 
cular species in the two liquids. Cryoscopic measurements show 
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that in water the hydrogen peroxide molecule is single, and the 
same is true of the vapour (but see p. 104). A smaller degree ol 
association is probably the reason for the volatility of hydrogen 
peroxide as compared with water. The peroxide is also very 
soluble in such basic solvents as aniline or quinoline, with which it 
combines; the distribution ratio between quinoline and water 
actually favours the quinoline. 

Hydrogen peroxide is an exceedingly weak acid vrith a dissocia- 
tion-constant of about 2*5 X at 25° — ^this applies to the first 
dissociation, HgOa^H’+HOj', the second dissociaiion being im- 
perceptible. So weak an acid is it that solutions or the peroxides 
of the alkali-metals and alkaline earths, such as Na^2> which are 
best regarded as salts of hydrogen peroxide, are almost wholly 
hydrolysed, only a small proportion of the ion HOg' remaining 
unconverted to hydrogen peroxide, while there is nothing to show 
that the ion 02"" is present at all. Solutions of hydrogen peroxide 
slowly decompose into water and oxygen, and this decomposition 
is greatly accelerated if the solution is made alkaline or is warmed. 
It was formerly supposed that this was a homogeneous reaction, 
but it has been shown that if extraordinary precautions are taken 
to free the system from dust and other impurities, concentrated 
solutions of hydrogen peroxide can be preserved unchanged in 
silica vessels for days even at 60°. The decomposition is in fact 
a heterogeneous reaction which takes place on the surface of dust 
particles or of the containing vessel. It has long been known that 
the slow decomposition of ordinary hydrogen peroxide solutions 
can be retarded, though never altogether arrested, by the addition 
of certain anticatalysts or inhibitors. Organic substances such as 
ether, glycerol, acetanilide, or barbituric acid are most commonly 
used, but most acids, including dilute sulphuric acid, are quite 
effective. The action of these substances is due to their power of 
* poisoning ' the dust particles which cause the decomposition 
of the hy^ogen peroxide, and the special efficacy of acids is easily 
understood when we remember that the most active particles must 
be those which readily adsorb the weak acid hydrogen peroxide 
and will therefore readily adsorb other acids as well. Since the 
complete removal of dust has not yet been found practicable on a 
commercial scale, nearly all commercial samples of hydrogen 
peroxide, including some of those sold as specially pure, contain 
a preservative, which must be removed by distilling off the per- 
oxide at low pressure if a pure solution is wanted. Hydrogen 
peroxide solutions shotdd be kept in the dark in stoppered 
bottles. 

Many catalysts for the decomposition are known, among the 
best being maxiganese dioxide and platinum black or colloidal 
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platinum. Copper salts have a very pronounced catals^tic effect 
upon the decomposition of hydrogen peroxide solutions. A solution 
containing 30 gm. HgOg per litre and 10 parts per million of copper 
was found to lose 57*4 per cent of its peroxide after refluxing for 
I hour, and 96*3 per cent after 2 hours. Hydrogen peroxide 
solutions are also rapidly decomposed by neutral iodide solutions, 
from which, however, they liberate no measurable quantity of iodine 
(contrast ozone), the action being purely catalytic. The concen- 
tration of hydrogen peroxide solutions is sometimes roughly ex- 
pressed by the volume of oxygen which can be obtained by their 
decomposition into oxygen and water; thus the ‘ 20-volume ' 
solution, a form in which the peroxide is often sold, evolves twenty 
times its own volume of available oxygen. A convenient source of 
hydrogen peroxide is the crystalline compound C0(NH2)2.H202, 
which it forms with the weak base urea. 

Hydrogen peroxide is a powerful oxidizing agent used for bleach- 
ing delicate fabrics and as a disinfectant. Its advantages for these 
purposes lie in the perfectly harmless character of the products of 
decomposition, oxygen, and water. Concentrated solutions will, 
however, blister the skin. 

Hydrogen peroxide may be regarded as a compound formed by 
the oxidation of water; HgO+O—HgOj, or by the reduction of 
oxygen: 02+2H=H202. It can act as an oxidizing agent or as 
a reducing agent, producing water and oxygen respectively. The 
equations are H202=H20-h0 and H202=02t+2H, but they 
may be written ionically: H202+2H‘=2H20— *2 electrons, and 
H202+20H'=2H20+02 1 7f-2 electrons. An oxidizing agent, 
from the ionic standpoint, is a substance that absorbs electrons, 
a reducing agent one that supplies them. From the ionic equations 
we should expect the oxidizing powers of hydrogen peroxide to be 
promoted by acidity, and this can be verified by experiment. In 
alkaline solution ferricyanides are reduced to ferrocyanides, while 
in acid solution the reverse change takes place: 

2Fe(CN)e'" 4-H202+20H'=2Fe(CN)e""+2H20+02 1 
2Fe(CN),'"HH20,+2H* =2Fe(CN)/" +2H2O. 

Silver oxide is reduced to silver: 

Ag20+H202=2Ag-f H.O+O 2 1 . 

The powerful oxidizing agent potassium permanganate oxidizes 
hydrogen peroxide even in acid solution: 

2Mn0/+6H+5H202=2Mn* +5O2 1 +8H2O. 

This rea<^i<m is used in the estimation of hydrogen peroxide by 
volumetric analysis. In the presence of organic preservatives 
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which might reduce the permanganate, the oxidation of an acid 
iodide solution is more suitable; 

HjO*-|- 2r+2H' =I,+2 HjO. 

The reaction takes place rather slowly, and hydrogen peroxide is 
catalytically decomposed by iodide ions, so it is best to catalyse 
the oxidation of the iodide with a little ammoni^ molybdate. 
The iodine set free is titrated with thiosulphate. I 
Hydrogen peroxide produces peroxy-compoundslwith the oxy- 
salts of tlie elements of the A subgroups of Groups IV and VI. Thus 
with chromates a blue solution of an oxide CrOj, Which can be 
extracted with ether, ^ is obtained, and with titanic salts an orange 
solution. These reactions can be used as tests for all t)ie substances 
concerned. With other salts, such as sodium phosphate, hydrogen 
peroxide combines to form compounds that appear to contain 
hydrogen peroxide of crystallization, since the peroxide can be 
wholly removed by shaking with ether. From alkaline solutions 
of the salts of the alkaline-earth metals, hydrogen peroxide precipi- 
tates peroxides such as CaOj-SHgO. 

it hydrogen peroxide is added to an alkaline solution of pyro- 
gallol and formaldehyde (H.CHO) it is reduced to gaseoiis hydrogen, 
the formaldehyde being oxidized to formic acid: 

2 H.CHO-I-H A=2H.C00H-f H, t . 

This reaction is of interest since during its progress light is emitted 
(chemiluminescence), as may be seen if the experiment is carried out 
in a darkened room. 

1 And pours a deeper blue to Aether’s bound. 

Wordsworth. An Evening Walk . 



CHAPTER XIII 


NITROGEN 

N=I4’Oo8. Atomic Number, j 

General. — ^Nitrogen is the lightest member of Group V, and its 
atom has five valency electrons. In its binary compounds its 
valency is, however, unlike that of phosphorus, confined to three, in 
accordance with the covalency maximum rule, which rigidly limits 
the covalency of elements in the first short period to four. Conse- 
quently the tervalent compounds of nitrogen contain a lone pair of 
electrons, which gives them the donor properties so conspicuous in 
ammonia, the most important compound of this type. When this 
lone pair of electrons is satisfied by co-ordination with an acceptor, 
nitrogen has reached its permissible maximum covalency of four. 
To this circumstance are due not only the series of ammoni u m salts, 
but also the often very stable additive compounds which ammonia 
forms with so many salts. In this respect ammonia resembles 
water, and a comparison has often been drawn between ammonium 
salts and acids dissociated in water: 

H20-fHX->H.H20‘-fX'. 

HjN-hHX->H.H,N’+X'. 

Nitrogen differs from the later members of the group by its 
abundance, its occurrence in the atmosphere, its much greater 
volatility, the great stability of its diatomic molecule, the relative 
unimportance of its only known allotrope, and its chemical inert- 
ness. Its hydride is far more basic than other Group V hydrides. 
It occupies a position near the centre of the first short period, and 
like the neighTOuring element carbon forms very stable compounds 
with both oxygen and hydrogen. It also resembles its neighbours 
carbon and oxygen in its curious reluctance to combine direcfiy with 
the halogens. 

The atom of nitrogen was decomposed by Rutherford in 1919 
by the method of o-ray bombardment. 

the Ciiealatioii ol Nitrogm in Natoie.— Toge&er with carbon, 
hy^ogen, and oxygen, nitrogen is an essential constituent 
matter. Since this is subject to death and deca^, and is 
3^ costttuatly rbatiging thr ough assimilation and excrdram, part 
oi the sirasld's nitrogen is in continual change, but this is omy a 
small part of the total nitrogen present in the world. The fmndpal 
*N aSa 
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possibilities are shown in the dia^am, which represents a scheme 
sometimes referred to as the ‘ nitrogen cycle/ Only exceptional 
plants are able to derive their nitrogen direct from the air— a 
transformation which they accomplish with the help of ‘ symbiotic ’ 
bacteria attached to their roots — ^and most can assimilate it only 
when it is presented in the form of a compound soluble in water, 


Natural 

nitrates 



( Synthetic ammonia o: 
nitrates ) 

( Excretion 
and decay) 


( Bacteria, of 
Fig. 103. The Nitrogen Cycle 



Nitrogen 


Ammonia 


usually a nitrate or an ammonium salt. The nitrogen returned 
to the soil by the death and decay of animals and plants, or by the 
excretion of the former, is liberated partly as atmospheric nitrogen, 
the greater part of the residue appearing as ammonia, which by the 
action of bacteria present in soil is oxidized to a nitrate. Since 
cultivation soon exhausts the natural nitrates present in soil, 
these must be supplemented by fertilizers or manure. The prin- 
cipal nitrogenous fertilizers are dung, the nitrate deposits of South 
America, and S5mthetic ammonium compounds or nitrates made 
from atmospheric nitrogen. 


Air 

The proportions of oxygen and nitrogen will differ according 
as they are stated by weight or by volume, and are in any event 
not absolutely constant in different parts of the earth or even at 
different times. As will be shown in the next chapter, air contains 
not only these two gases but also five others — ^the inert gases of the 
atmosphere— in addition to a little carbon dioxide and various 
nnpurities in the neighbourhood of towns, houses, or animal or 
vegetable matter. ASt also contains water-vapour and dust, a 
name which may be taken to indude all floatii^ solid impurities. 
Represmtative values for the proporti<ms by volume of the gases 
praait in pure dry air are: nitro^ 78*0 per cent, oxygm 210 per 
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cent, inert gases o-g per cent, carbon dioxide 0*03-0‘04 per cent. 
If the calculation is made by weight, the proportions of nitrogen 
and oxygen come to about 75*5 per cent and 23*2 per cent. At 
considerable heights above the surface of the earth, the proportion 
of the heavier constituent, oxygen, decreases, and that of the 
lighter constituent, nitrogen, increases; and at great heights — ^a 
hundred kilometres or more — there may be larger proportions of 
the light rare gas helium. Near the surface of the earth the pro- 
portion of helium is exceedingly small. 


Nitrogen 

Preparation. — ^Nitrogen may be isolated from the air by removing 
carbon dioxide and oxygen from it by combination with suitable 
reagents, but the product is contaminated with the inert gases of 
the atmosphere. Since these gases have no chemical properties 
their presence is for many purposes no disadvantage. Hot copper 



is commonly used for removing the oxygen, with which it forms 
cupric oxide: a suitable apparatus is shown in the diagram. The 
apparatus must be run for some time before any gas is collected, 
and the product, if collected over water, will inevitably contain a 
smaU proportion of oxygen, since oxygen is slightly soluble in water. 
Nitrogen is generally obtained in the laboratory by heating 
(in solution) ammonium nitrite, for which a mixture of sodium 
nitrite and an ammonium salt may be substituted: 

NH4N02=N2t+2H20t. 

The g^ usually contains a little nitric oxide as impurity, which can 
be oxidized to nitric acid, and retained, by an acid dichromate 
solution. Nitrogen can be dried by any of the usual agents. For 
the preparation of the pure gas, the interaction of hot nitric oxide 
^^d ammonia on a copper catalyst has been recommended: 

6N0+4NH3-5Na+6H*0, 
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Excess of ammonia is removed by concentrated sulphuric acid. 
Nitrogen, containing only traces of oxygen, can also be obtained 
from a cylinder of the compressed gas, made by the liquid air 
process. 

The two most important sources of industrial nitrogen are liquid 
air and producer-gas (p. 569). Since the boiling-point of nitrogen 
is —195®, while that of oxygen is —183®, nitrogen can be separated 
from oxygen without difficulty by the fractional], evaporation of 
liquid air. This process has the advantage of yMding a nearly 
pure gas and is used for some commercial purposes, but the pro- 
ducer-gas process is rather cheaper. Since producer-gas consists 
chiefly of nitrogen and carbon monoxide, the problem is to remove 
the latter. This is done by adding steam to the\ mixture and 
passing it over a heated catalyst, as described in the account of 
the Haber-Bosch process (p. 388). Nitrogen has also been obtained 
from air by burning hydrogen in it and removing the oxygen as 
water (p. 391). 

Properties. — ^Nitrogen is a colourless gas without taste or smell; 
liquid nitrogen, which is also colourless, freezes at —210° and boils 
at —195®. Nitrogen is only slightly soluble in water,: less soluble 
than is oxygen, but as the partial pressure of nitrogeii in the air is 
nearly four times that of oxygen, water saturated with air contains 
nearly twice as much nitrogen as oxygen: at 15® a litre contains 
about 14 c.c. nitrogen and 7 c.c. oxygen. The solubility of nitrogen 
in organic liquids is also very slight. The gas is a little lighter 
than air. 

At ordinary temperatures nitrogen is a very inert substance. 
At very high temperatures, at which some dissociation into atoms 
takes place, it is more active, and the inertness of nitrogen in the 
cold may be attributed, in part at least, to the stability of its 
diatonaic molecule. The combination with hydrogen or oxygen on 
heating vdll be fully discussed shortly (p. 409). Ordinary nitrogen 
will not combine ffirectly at any temperature with sulphur or the 
halogens, but many metals, strongly heated in nitrogen, form nitrides. 

Active Nitrogen . — In 1910 it was observed by Strutt that nitrogen 
at low pressure which had been exposed to a jar-discharge in a 
vacuum tube to excite the weU-teiown afterglow possessed chemical 

K rties which sharply distinguished it from the ordinary gas. 

e case of air and other mixed gases the continuation of the 
^ow after the discharge had been stopped was supposed to be due 
to the chemical interaction of substances such as nitric oxide 
and ozone produced by the discharge, but Strutt's observations 
recalled the behaviour of ozonized oxygen in that the gas leaving 
the tube had definite chemical properti^ which persisted until m 
some imnutes it had reverted to the ordinary f<mn. 
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Subsequent work showed that the presence of traces of oxygen 
had a pronounced effect on the production of active nitrogen. 
While not absolutely necessary to its formation a small quantity 
of oxygen acts as a promoter, but larger concentrations are harmful 
and 2 per cent is enough to prevent it. A similar effect has been 
observed with other substances. 

Owing to its short life few of the physical properties of active 
nitrogen can be measured, but it is interesting to note that the 
spectrum of the glow certainly arises from molecular nitrogen. The 
chemical properties can, however, easily be observed by slowly 
pumping the gas from the discharge tube where it is generated into 
an adjacent vessel where it can be exposed to the action of various 
substances. With sulphur, arsenic, the alkali-metals, zinc, mercury, 
cadmium, magnesium, and lead direct combination takes place, 
sometimes with incandescence or flame. Iodine reacts with a 
blue flame. The carbon compounds mostly yield cyanogen, but 
methane and hexane give hydrogen cyanide. Yellow phosphorus 
is converted to red, oxygen and ammonia destroy the glow without 
reaction. With nitric oxide an unexpected reaction takes place; 

Active N+2N0=N02+N2. 

Selenium, carbon, hydrogen, antimony, and ozone are unaffected, 
but if various salts are exposed to the active nitrogen they begin 
to phosphoresce. 

The nature of active nitrogen is still in doubt. Strutt's original 
hypothesis was that the gas was simply atomic nitrogen, but the 
energy available seems insufficient to dissociate the nitrogen mole- 
cule. If the molecule of the gas were triatomic, as in ozone, it 
should be possible to condense it to a liquid, but this has never 
been accomplished. A likelier view, on the evidence as a whole, 
is that active nitrogen contains both free atoms and activated 
molecules. 

Nitrogen Hydrides. — ^The hydrides of nitrogen are ammonia, 
NHg, hydrazine, N2H4, and hydrazoic acid, HN#. Since the ffist 
two are basic compounds and the last an acid, other derivatives 
also exist, such as ammonium azide, NH4N3; but of all these com- 
pounds by far the most important is ammonia. 

Anuiiiiiiia, NHg, is one of the products of decay of animal matter 
(P- 384), and its odour can frequently be detected in stables 
and elsewhere. In the laboratory it is usually prepared by the 
action of a base on an ammonium salt: quicklime and ammonium 
sulphate are commonly used, with or without the addition of a 
little water: 

Ca0+(NH4)2S04=CaS04+2NH3t +H 2 O. 
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Since the gas reacts with calcium chloride, sulphuric acid, or phos- 
phorus pentoxide, some other drying agent must be used, such as 
quicklime or solid caustic potash. 

The preparation of ammonia from atmospheric nitrogen is a 
great chemical and engineering problem which has been success- 
fully solved only in the last forty or fifty years. The reaction is 
N,+3H2^2NH8, and it has already been shown (p. 123) that the 
synthesis requires a high pressure. The imion ofj nitrogen and 
hydrogen is an exothermic reaction, so the yield clf ammonia at 
equilibrium is improved by reducing the temperature, but as a 
satisfaictory reaction velocity can be obtained only kt fairly high 
temperatures, the reaction is carried out at 500® with a catalyst. 
There are two main processes worked on a comtnercim scale: the 
Haber-Bosch and the Claude, the principal difference lying m 
the pressure employed. 

The Haher-Bosch Process . — This was worked at a large factory at 
Oppau, near Ludwigshafen-am-Rhein, in Germany, where about 
150,000 tons per annum of synthetic nitrogen were produced, while 
the newer Lunawerke, in Germany, had a capacity of 500,000 tons 
per annum. Just before the war of 1939-45 the German production 
of synthetic nitrogen compounds was about half the world's con- 
sumption of nitrogen compounds, including nitrates. A' large plant 
operates the process at Billingham-on-Tees, in England. A short 
description will be given here of the process worked at Oppau; it 
can be followed out with the help of the simplified flow-sheet 
opposite. 

The great feature of the process is that nothing is wasted. Besides 
air and water the raw materials are coke, from the Ruhr coke-ovens, 
brown coal or lignite, and anhydrite (calcium sulphate) from the 
Neckar Valley. The products are aqueous ammonia, ammonium 
sulphate, nitric acid, calcium nitrate, methyl alcohol, CH3.OH, 
and urea, CON2H4. 

The nitrogen and hydrogen are prepared by removing carbon 
monoxide from producer-gas and water-gas respectivel}^ This is 
done by adding steam and passing the gas mixture over a catalyst, 
when most of the carbon monoxide is oxidized to the dioxide: 

CO+HjO-^COj-fH,. 

After this operation the carbon dioxide, which comprises some 30 
per cent by volume of the gas mixture, is dissolved at 30 atmospheres 
in. water. Only i per cent of carbon monoxide remains, and this 
ia removed by passage through an ammoniacal solution of cuprous 
diloride. The gas mixture now consists of nitrogen and hydrogen 
in nearly the right proportions, though it is sometimes necessary 
to add a little eirira nitrogen firom a Linde liquid air plant. Other 
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Fig. 105. Habbr-Bosch Process for Synthetic Ammonia (Oppao Plant): Simplified Flow-sbebt 
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large-scale processes for hydrogen production used in ammonia 
synthesis are described on p. 359. The nitrogen-hydrogen mixture 
after compression to 200 atmospheres passes into the ammonia 
converters. These are steel towers 40 feet high and about 3 feet 
in diameter, containing the catalyst, which is ferric oxide of definite 
granular structure with small quantities of certain promoters. 
The temperature of 500® is easily maintained by the heat liberated 
in the reaction. Only 10 per cent or less of the ga^ is converted 
to ammonia at each operation, but the mixture is re-airculated and 
the ammonia removed by passing it at the same pressure of 200 
atmospheres through water. Some of the ammoniacal solution 
obtained is sold direct, but the rest of the ammonia, which can be 
obtained from the solution by releasing the pressure and then 
boiling, is used for three purposes: (i) oxidation to \iitric acid; 
(2) manufacture of ammonium sulphate; (3) manufacture of urea! 

1. Oxidation of Ammonia to Nitric Acid , — The ammonia is mixed 
with air or oxygen and passed through towers containing the 
catalyst, a preparation of ferric oxide, though in other works 
grids of platinum wire in aluminium tubes are used. With ferric 
oxide the efficiency is only 70-75 per cent as compared with 95-98 
per cent with platinum, but the platinum is expensive apd is very 
easily poisoned. Nitric oxide is formed first, and this is oxidized 
by more air to nitrogen peroxide, which is absorbed in water which 
trickles over clay rings. The equations are: 

4NH3+50,=4N0+6H,0 2N0-f0,=2N03 

and 4N02+2H30-f-03=4HN08. 

The nitric acid produced is partly sold as such and partly used to 
make calcium nitrate with the calcium carbonate obtained as a 
by-product in the manufacture of ammonium sulphate. Smaller 
quantities are used in the manufacture of ammonium nitrate and 
of mixed nitrate and phosphate fertilizers. 

2. Ammonium sulphate , — In order to prepare this substance, 
so much used as a fertilizer, carbon dioxide, obtained as already 
described, is pa^ed into a well-stirred suspension of finely-ground 
anhydrite in water saturated with ammonia. The action is: 

2NH34-2H,0-}-CaS04^ +C0,=(NH4)2S04-l-CaC08 4. +HA 
and as caldum carbonate is much less soluble than the sulphate 
it goes nearly to completion. The solution is filtered, and the 
ansmonium sulphate obtained by evaporation and dried in a 
craitrifi^al machine. 

!3. Urea , — ^This substance, which has the formula COINH,),, 
«Qntaim 47 per cent of combined nitrog^ and is an excellent 
Irirtilix^.' Ai^o^k and carbon dioxide are mixed and compressed 
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to 200 atmospheres, when they are converted to liquids and react 
with the formation of ammonium carbamate: 

C02+2NHa=NH8.C00NH^. 

Much heat is evolved, and the carbamate decomposes into urea 
and water, which, stiU under pressure, are squirted through a 
nozzle into a large chamber full of dry air. The urea then falls 
to the floor as a dry powder, and is removed on conveyors. 

NHa.C00NH4=C0N2H4+H20. 

Methyl Alcohol , — ^We may now return to an earlier stage of the 
process. The carbon monoxide removed from the gas stream by 
ammoniacal cuprous chloride is recovered from this solution and 
used together with some of the water-gas for the manufacture of 
methyl alcohol. The mixture is compressed and allowed to react 
on the surface of a catalyst composed of a mixture of zinc oxide 
and chromium sesquioxide: 

C0+2H2=CH3.0H. 

By using as catalyst ferric oxide with a small admixture of alkali, 
by reducing the speed of the gas stream over the catalyst, and by 
raising the temperature, it is possible to obtain many other com- 
pounds in fair yield; among them isobutyl alcohol, aldehydes, 
and ketones. The power required throughout the plant is generated 
from producer-gas, obtained by burning the brown coal to carbon 
monoxide in an air stream. When the temperature is sufficiently 
high, steam is substituted for air and water-gas generated instead 
of producer-gas. 

The Claude Process . — ^This process is worked at numerous factories 
in France and Belgium, llhe cost of the hydrogen used in the 
Haber-Bosch process accoimts for about 75 per cent of the cost 



Fig. X06. Clauds Process for Synthetic Ammonia: SiMPLiEntu 
Flow-sheet 


of the ammonia produced: m the Claude process the hy<frpgen is 
made by the elec&olysis of water. Some of this h5^ogen is burned 
m air, leaving nitrogen to be used in the ammonia synth^ and 
synthetic water suitable for the eIectrol3^ic cells. The rest of the 
plant, whieh works at 750 atmospheres, will be understood from the 
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diagram. To withstand the enormous pressures the conv^ers are 
made of special steel, and the catalyst is mounted on a gun breech- 
block device to allow easy withdrawal for replacement. Many 
variations of the process are possible; in some the nitrogen is 
obtained from producer-gas, in others from liquid air. 

Several other processes for the manufacture of ammonia from 
atmospheric nitrogen have at one time been worked, but they are 
unlikely to make headway against the direct syntl^tic processes. 
The Serpek process for the hydrolysis of aluminium nitride (p. 535) 
has been abandoned, and the cyanamide process (PA567) is doing 
no more than hold its own. \ 

Properties . — ^Ammonia is a colourless gas. At —3R® it can be 
condensed to a liquid freezing at —78°; it is used in Refrigerators. 
It has a strong unmistakable odour and attacks the \yes, and it 
has a pungent taste. It is considerably lighter than air. 

Ammonia is exceedingly soluble in water, and liberates much 
heat when it dissolves. At 15® and standard pressure 100 gm. of 
water will take up about 60 gm. of ammonia. In common with 
other gases with a pronounced affinity for water, ammonia does not 
obey Henry's law except in very dilute aqueous solution, that is, 
the pressure of the gas above the solution is not proportional to its 
concentration within it. Henry's law, as already explained, is an 
application of the distribution law to gas-liquid systems, and the 
reason it is not obeyed by ammonia in water is possibly that the 
molecular species in the two phases is not entirely the same, and 
some of the ammonia in solution has combined with hydrogen ions 
to form ammonium ions. Alternatively the high solubility may be 
due to hydrogen-bonding between N and O and O and O (and 
possibly N and N). 

All the ammonia can be expelled from its aqueous solutions by 
boiling, and at very low temperatures, about —77®, hydrates 
aNHj.HjO and NHj.H^O have been obtained. Ammonia is freely 
soluble in most organic liquids. 

Ammonia will not bum in the air (unless heated), but in oxygen 
it bums with a feeble yellow flame, forming (in the absence of a 
catalyst) nitrogen and water: 

4NH3-f30,=2N,+6H,0. 

Under carefully controlled conditions and in the presence of a 
catalyst, preferably platinum, nearly all the ammonia can be con- 
verts, either by air or oxygen, to nitric oxide, a process used, ds 
akeady described (p. 390), in the commercial synthesis of nitric 
acid. Most oxidizing agents, if sufficiently powerftd, convert 
amntonia to niti^en and water, but some produce oxides of 
nitrogen or nitrio add. The reaction between ammonia and 
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chlorine depends on the conditions. .In the gas phase nitrogen is 
liberated and the chlorine forms first hydrogen chloride, which 
then reacts with more ammonia to form ammonium chloride: 

3Cl2+8NH3=6NH4Cl+N,. 

The reaction is accompanied by flashes of light or flame Under 
other conditions the dangerously explosive compound nitrogen 
trichloride may be formed. Ammonia is detected in aqueous 
solution by the brown precipitate, or in very dilute solutions the 
colour, that it produces with Nessler's solution (p. 515). It 
is a powerful donor substance, and, like water, forms addition- 
compounds with a large number of metallic salts. These com- 
pounds, of which many are described elsewhere, are often of great 
stability, and the very stable ammonium ion, NH4‘, is a com- 
bination of the ammonia molecule as donor with the hydrogen ion 
as acceptor. 

Liquid Ammonia as a Solvent , — ^At atmospheric pressure ammonia 
can be condensed to a liquid at —33°, and it has long been known 
that the liquid is an excellent solvent for many metallic salts. 
Reactions in this medium have been intensively studied by Gore 
in England and by Franklin and his collaborators in America, 
and there is an ammonia - chemistry that resembles in many 
interesting points the water-chemistry with which we are familiar. 
Our views of the nature of reaction have been so much coloured by 
the predominance of aqueous solutions that the opportunity to 
investigate a different system is a valuable one; the more so as 
liquid ammonia is the only solvent other than water whose effect 
on metallic salts dissolved in it has been thoroughly studied — for 
the sufficient reason that it is the only non-aqueous solvent in 
which many of them are appreciably soluble. 

The dielectric constant of the liquid is about 22. If rigorous 
precautions are taken to exclude water — and this is always important 
in studying non-aqueous solvents — ^liquid ammonia is a very poor 
conductor of electricity. The few ions present are presumably 
NH4* and NHa', formed by dissociation of the ammonia molecule 
into H* and NHa' and combination of the hydrogen ion with a 
neutral molecule to form an ammonium ion. This may be com- 
pared with the dissociation of water into H* and OH', and there is 
reason to suppose that in water also the hydrogen ion is usually 
attached to at least one water molecule. The similarity between 
water and ammonia has indeed often attracted attention; among 
the most conspicuous points are the high specific heat of ammonia 
(higher than that of water), its high critical temperature and pres- 
siue, its association, and its power of forming mdecular com|)oun(i8 
^fh salts analogous to the hydrates. Stfil more important 
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are its solvent action on metallic salts and its power of dissociating 
them into ions. 

Most salts actually conduct the current better when dissolved 
in ammonia than when dissolved in water, but this is due not to 
the higher ionizing power of this solvent (which is roughly one-third 
that of water) but to its lower viscosity, which greatly increases 
the mobility of the ions. 

Salts soluble in water are not always soluble in ammonia, and 
vice versa. Halides (except fluorides) are often soluble and car- 
bonates, sulphates, and phosphates sparingly solubld but metallic 
oxides and hydroxides do not dissolve at aU, except the hydroxides 
of the alkalis and alkaline earths, and they but Rightly. The 
course of reactions therefore often differs in water and an ammonia. 
In ammonia, for example, calcium chloride can be precipitated by 
mixing a chloride solution with a calcium solution: 

2 NaCl+Ca(N08)2=2NaN03+CaCl2| or zCl'+Ca* -vCaCla | . 

The most instructive classiflcation of solutes is into acids, bases, 
and salts. Since the dissociation of liquid ammonia is 

zNHs^f^NH^H-NHjs', 

as compared with 

2 H 20 ^H 30 +OH', 

aCn ammono-acid may be defined as a substance which yields 
ammonium ions in liquid ammonia solution, and an ammono-base 
as one which yields amide ions (NHa'). Since the dissociation of 
pure liquid ammonia, like that of water, is very slight, it follows 
that ammono-acids and ammono-bases cannot exist together in 
solution : the product of their interaction is called an ammono-salt. 
The equation shows how acetamide, an ammono-acid, neutralizes 
sodamide, an ammono-base, to produce sodium acetamide, an 
ammono-salt, and ammonia: 

CH3.CO.NH.H -f Na.NH2 = CH8.CO.NH.Na + NHj 
ammono-acid ammono-base ammono-saJt ammonia 

or H’(+NH8)-{-NH8'->2NH8. 

The difference between an amtnono-acid and an ammono-base 
is that the former ionizes RNHj^RNH'-fH*, followed by 
H’+NH8-»^NH8*, and the latter ionizes RNHj^R’+NHg', just as 
hydroxylic aquo-acids and aquo-bases correspond with the dis- 
sbdaHons ROH^RO'-fH* and ROH^R+OH'. All soluble 
a^omonium salts are ammono<acids, since they all 5deld ammonium 
ions. Many aquo^xyadds have their ammono-analogues, thus 
9»|phttric, nitricl and carbonic adds, 908<OH)*, NOi-OH, and 
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CO(OH)a, may be compared with the ammono-acids sulphamide# 
nitramide, and carbamide, S02(NH2)2, NO2.NH2, and CO(NH2)2. 

Ammono-adds will dissolve metals, liberating hydrogen: 

2Na+2NH4 =2Na*+2NH3+H2t ; 

or metallic oxides, yielding a salt, water, and ammonia: 

Na 20 + 2 NH 4 =2Na +2NH3+H2O. 

Ammono-bases such as sodamide usually predpitate either a 
nitride or an amide from ammono-salt solutions, just as caustic 
alkali precipitates oxides or hydroxides from aqueous solutions. 
Thus with a solution of a bismuth salt : 

Bi * 4 - 3 NH./->BiN ; +2NH3, 
and with a silver salt: 

Ag+NHj'^AgNH,!. 

It is considerably more difficult to liberate hydrogen from liquid 
ammonia than from water, and solutions of the alkaU-metals in 
liquid ammonia can be prepared, though they are not very stable, 
and decompose after a day or two. The solutions are deep blue 
in colour and are good conductors of electricity. The cation is 
the ordinary metal ion, such as Na* or Li', possibly associated with 
ammonia molecules, but the nature of the anion is not immediately 
obvious. The interesting suggestion has been made that the 
anion is a free electron, probably solvated, and there is no inherent 
impossibility in the idea. 

The Ammonium Salts. — ^Ammonia combines with acids, either 
in the vapour state or in solution, to form ammonium salts, which 
contain the ion NH4'. In these reactions the ammonia acts as 
donor and the hydrogen ion as acceptor. Though nominally a 
complex, the ammonium ion does not dissociate into ammonia 
and hydrogen ion to any great extent. But in the vapour state 
ammonium salts, which are all volatile, are considerably dissociated 
into ammonia and acid, the degree of dissociation depending on 
the temperature, the pressure, and particularly on the volatility of 
the acid. Thus ammonium carbonate is one of the most volatile 
and ammonium sulphate one of the least volatile of the common 
aminonium salts. Similar considerations apply in solution. Am- 
monium salts with strong acids are slightly hydrolysed and have a 
faintly acid reaction (owing to the dissociation NH4'*^NHg+H'); 
so that all anunonium solutions, except those containing excess of 
3 ^cid, liberate some ammonia on boiling. If the add is weak and 
volatile (e.g. carbonic acid) the salt may be completely decomposed 
boiling ia water. 

The salts of ammonium are often compared with those of the 
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aJkali-metals, since they are colourless (unless the anion is coloured), 
univalent, and nearly all soluble in water, while they have very 
little tendency to further complex-formation. Like the salts of 
potassium, with which they are often isomorphous, ammonium 
salts usually crystallize anhydrous. The ammonium ion is um 
affected by reducing agents, but the stronger oxidizing agents 
convert it to nitrogen, water, and hydrogen ion, and solutions of 
ammonium salts of oxidizing anions may liberatfe nitrogen on 
boiling, e.g. the nitrite or chlorate. In the solid sl|ate such com- 
pounck are usually explosive. \ 

Among the commoner ammonium salts are the f ollowng. Several 
others are mentioned elsewhere in connection with thelacids. 

Halides. — The ammonium halides are volatile colourless solids 
whose volatility decreases with increasing atomic nu\nber of the 
halogen. The fluoride fuses before it subUmes, but the other salts 
have no melting-point at atmospheric pressure. In the vapour 
state they are highly dissociated into ammonia and hydrogen 
halide. In all except the fluoride, a transition-point has been 
observed corresponding with a difference in crystalline form. 
The ammonium halides are all freely soluble in water and are also 
soluble in certain organic solvents, the solubility increasing with 
increasing atomic number of the halogen, but the fluoride may 
be an exception to this rule. They all form additive compounds 
with ammonia. 

Ammoninm fluoride, NH4F, is made by subhming a mixture of 
the chloride or sulphate with excess of sodium fluoride. It is freely 
soluble in water and is soluble in alcohol. In crystal structure, based 
on ' hydrogen bonds ' between N and F, it resembles ice (p. 103). 

Ammonium chloride, NH4CI, is made on a commercial scale from 
ammonium sulphate and sodium chloride, either by sublimation 
or in solution. If mixed solutions of these substances are con- 
centrated, the much less soluble sodium sulphate separates out 
first and can be removed. The ammonium chloride remaining in 
the solution is procured by evaporation and purified by recrystalliza- 
tion or hy sublimation. The commercial product usually contains 
ferric chloride, which colours it yeUow, and which may be removed 
either by sublimation from ammonium phosphate or by recrystal- 
lization from dilute ammonia. Samples of very high purity were 
prepared by Richards in the course of his determination of the 
atomic weight of nitrogen (p. 425). Ammonium chloride is produced 
whenever hydrogen chloride comes in contact with ammonia in 
^ution or in the vapour phase at low temperatures. 

Ammonium chloride has a transition-point at 184®, at which 
tmperature it changes from the body-centred (caesium chloride) 
stmcture to t^e sodium chloride type. On further heating 
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it readily sublimes without fusion, the vapour pressure reaching 
760 mm. at 338®, Measurement of the vapour density shows that 
even at this temperature dissociation into ammonia and hydrogen 
chloride is nearly complete, the density being little more than half 
of that corresponding with NH4CI. Since ammonia gas is much 
lighter than hydrogen chloride it diffuses more rapidly, and it is 
not difficult, by the use of pipeclay, an asbestos plug, or some other 
suitable membrane, to effect a partial separation of ammonium 
chloride vapour. For this reason the purification of the salt by 
sublimation should always be conducted in a current of ammonia. 
The claim by Baker and others that the intensively dried salt does 
not dissociate has been disproved. 

Ammonium chloride is very soluble in water, but much less 
soluble in alcohol. It is used as a flux in soldering, and in dry 
batteries, as well as in the Leclanch6 cell. 

Ammonium bromide, NH^Br, is obtained by the action of bromine 
on excess of aqueous ammonia. The mixture must be left for a 
day or two after the vigorous reaction appears to be over, or the 
product will be contaminated with bromate. The liquid is finally 
evaporated to dryness on the water-bath. 

i^nmonium bromide resembles the chloride, but it is slightly less 
volatile and is more soluble in water and organic liquids. Its 
transition-temperature is at 138®. 

Ammonium iodide, NH4I, is usually prepared by mixing concen- 
trated solutions of potassium iodide and ammonium sulphate and 
adding alcohol, which precipitates nearly all the potassium sulphate. 
It can also be prepared by adding ammonia and then hydrogen 
peroxide to iodine. It is the least volatile of the ammonium 
halides, the vapour pressure reaching 760 mm. at about 405®. Its 
transition-temperature is —18®. In the vapour state not only is 
there a considerable proportion of undissociated molecules, provided 
the temperature is not too high, but some association into double 
molecules takes place. It is deliquescent and exceedingly soluble 
in water and in some organic liquids. 

Ammonium chlorate, NH4CIO8, is prepared by concentrating 
mixed solutions of sodium chlorate and ammonium chloride. The 
-sodium chloride separates out first, and is filtered off. Evaporation 
of ammonium chlorate solutions is dangerous, as when concaitrated 
fhey sometimes cause violent explosions. On boiling they yield 
chlorine and nitrogen. The decomposition of the solid yields 
in addition water, with some oxygen and ammonium chloride. 

Ammonium bromate, resembles the chlorate, but 

ffmofiium iodate, NHJOj, is rather stabler. It can be obtained 
^ sSoluticm from iodic acid and ammonia, or from mmnonium 
carbonate and barium iodate. It is not very soluble in water: 
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only about 20 gm. per litre at room temperature. On heating 
it decomposes into nitrogen, oxygen, iodine, and water, as follows: 

2NH JOs^Nj t +O2 1 +I2 t +4H2O t . 

Ammonium perchlorate, NH4CIO4, is prepared from ammonium 
sulphate and barium perchlorate. Unlike potassium perchlorate, 
it is freely soluble in water. It is, as might be expected, stabler 
than the chlorate, and on heating yields nitrogen, chlorfee, oxygen, 
and water. I 

Ammo nium carbonate, (NH4)2C03.— The union of caroon dioxide 
and ammonia in the presence of water can yield a considerable 
number of products. In the absence of water these cases form 
ammonium carbamate, NH.2.COONH4, an intermediate ^ompound 
in the synthesis of urea (p. 390). The commercial an onium 
carbonate contains the hydrogen carbonate and carbamate as well 
as the normal salt, but can be freed from these substances by careful 
washing with aqueous ammonia, in which the normal salt is not 
very soluble. Even at ordinary temperature the salt slowly 
decomposes into ammonia and ammonium bicarbonate, and is 
used as ‘smelling salts': (NH4)2C08=NH3 f +(NH4)HCOj. The 
solutions rapidly lose ammonia to the air, and the evolutipn of gas 
from a hot concentrated solution is so brisk that at abchit 80® it 
appears to boil. The solutions contain not only bicarbonate but 
carbamate. 

Ammonium bicarbonate, NH4HCO3, can be obtained by heating 
the commercial carbonate or the normal salt with a little water, 
or by exposing them to the air. It slowly decomposes into ammonia, 
carbon dioxide, and water, leaving no residue. The fact that 
anunonium bicarbonate is more soluble than sodium bicarbonate 
in water makes the Solvay process for sodium carbonate manufac- 
ture possible, 

Ammanium sulphide, (NH4)2S. — Either this compoimd or ammo- 
nium hydrogen sulphide, (NH4)HS, may result from the union of 
ammonia with hydrogen sulphide in the absence of water, according 
to which gas is in excess. The ammonium hydrogen sulphide 
volatilizes when the product obtained with excess of ammonia at 
a low temperature is gently warmed. In solution the normal 
sulphide can be prepared by ^viding^ ammonia solution into two 
equal parts, saturating one with hydrogen stdphide and mixing it 
with the other, but hydrogen sulphide ions (HS') are in any case 
formed by hydrolysis. Both the solution and the solid are rapidly 
decmnposed on warming. 

AJmrumium hydrogm suicide, obtained as above, is also very vola- 
tile, the vapour pressure reaching 760 mm, at about 32^ The vapour 
is almost iraolly dilsodated into anmionia aiui hydre^en sulphide. 
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Solutions of ammonium sulphide, in common with those of other 
soluble sulphides, have the power of dissolving sulphur, with the 
formation of polysulphide ions. Ammonium sulphide solutions 
on exposure to the air absorb oxygen, sulphur being produced, 
which then combines with the sulphide ions. The first action is; 

2S^+02+2Hjj0=2S+40H', 

and this is favoured bj^ the acid reaction of ammonium salt solutions, 
as compared, for example, with those of the alkali-metal salts. 
The polysulphide solutions are yellow but, if very concentrated, 
may be red ; the yellow solution is a familiar reagent in the labora- 
tory, where it is widely used, in qualitative analysis. Several 
polysulphides have been prepared in the solid state, among them 
ammonium pentasulphide, (NH4)2S5, a yellow crystalline solid 
obtained by adding sulphur to water through which simultaneous 
streams of ammonia and hydrogen sulphide are passed. On cooling, 
the resulting liquid solidifies. 

Ammonium sulphate, (NH 4 ) 2 S 04 , is made on an enormous scale 
for use as a fertilizer, for the most part from S5mthetic ammonia. 
Either sulphuric acid or anhydrite may be used, as described in 
the section on synthetic ammonia {p. 390). An alternative source 
of ammonium sulphate is the ammoniacal liquor from gasworks 
or coke-ovens, which consists of a very impure aqueous solution of 
ammonia. Lime is added, and the ammonia, mixed with organic 
bases, is distilled off into dilute sulphuric acid. 

Ammonium sulphate, the salt of a strong and not particularly 
volatile acid, is one of the stablest and least volatile of the salts of 
ammonia. It crystallizes without water and is isomorphous with 
potassium sulphate. On careful heating it loses ammonia and at 
320® can be quantitatively converted into the hydrogen sulphate: 

(NH4)2S04=:(NH4)HS04-1-NH8 t. 

It is extremely soluble in water, and the solubility has a rather low 
temperature-coefihcient. 

Ammonium hydrogen sulphate, (NH4)HS04, is prepared by care- 
fully heating the normal salt, or by crystallization from solutions of 
It in dilute sulphuric acid. On stronger heating it yields nitrogen, 
anmonia, sulphur dioxide, and water. Like the normal sulphate, 
it is soluble in water but nearly insoluble in alcohol. 

Ammomma nitrite, (NH4)N02, can be prepared by cautiously 
evaporatii^ mixed concentrated solutions of ammonium chloride 
and sodium nitrite, and subliming the product under reduced 
pressure. It can also be made by passing simultaneous strmms 
uf ammonia, nitric oxide, and oxygen into a receiver cooled with 
cold water. At a temperature of, say, 40° the nitrite can be suMimed 
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under reduced pressure without decomposition, and thus separated 
from the dess volatile nitrate which usually accompanies it. It is 
a hygroscopic solid which readily decomposes into nitrogen and 
water, and is used for preparing nitrogen: 

NH4N02=Na f + 2 H 2 O. 

It is freely soluble in water and alcohol. The aqueous solutions 
give off nitrogen at 50°, or at lower temperatures if thje formation 
of nitrous acid is promoted by the addition of a fewn drops of a 
strong acid. \ 

Ammo nium nitrate, (NH4)N03, is prepared commercially by the 
action of nitric acid on ammonia. Traces of ammoniiim nitrate 
occur in rain, where they have been formed by the inteiraction of 
ammonia originating in decaying animal matter and of liitric acid 
S5mthesized from air and water by the action of natural electric 
discharges. Ammonium nitrate is also produced by the reduction 
of nitric acid by certain metals. The solid exhibits several transi- 
tion-temperatures connected with changes in the crystalline form, 
among them one at 32®. At 170° the salt melts, and when further 
heated decomposes into nitrous oxide and water: 

(NH4)N0s=N 20 t +2HA 

a reaction used for the preparation of this gas. If suddenly and 
strongly heated, and simultaneously compressed, ammonium nitrate 
decomposes explosively, producing chiefly nitrogen, oxygen, and 
water: 

2(NH4)N03=2N3 t +O3 1 +4H3O t . 

The fused salt is a powerful oxidizing agent which will dissolve 
m^y metals, especially if it contains a little ammonium chloride 
mixed with it. A mixture of ammonium nitrate and aluminium 
powder can be fired by a detonator, and has been used as an explo- 
sive under the name of ammonal, while ammonium nitrate has also 
been used in other explosive mixtures. The memorable explosion 
at Oppau in Germany in 1922, which caused heavy loss of life and 
was so violent as to be audible in London, was due to ammonium 
nitrate. 

The salt is exceedingly soluble in water, absorbing much heat 
when it dissolves: it is dso soluble in alcohol. 

Amino nimn phoQ^Uites* — ^Since ammonia and phosphoric acid are 
resp^tiyely a weak base and a weak add, a large excess of am- 
monia is required to produce the hydroxyl ion concentration 
n^cessaty for the formation of tertiary ammomuxn phosphate. The 
ausmonium dihydrogen and diammonium hydrogen phosphates can 
be obtained icom solutions prepared by mixin g add and base in 
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suitable proportions. They are both soluble in water. Diammo- 
niutn hydrogen phosphate, (NH4)2HP04, loses ammonia on heating 
and gives ammonium dihydrogen phosphate, (NH4)H2P04, which on 
further heating loses all its ammonia and leaves phosphoric acid. 
Sodium ammonium hydrogen phosphate, Na(NH4)HP04, ‘micro- 
cosmic salt/ is described elsewhere (p. 451). 

Ammoniam peroxide. — By the action of gaseous ammonia on a 
concentrated solution of hydrogen peroxide in dry ether at a low 
temperature, say —20®, two peroxides of ammonia can be obtained 
with the formulae (NH4)H02 and (NH4)202 — ^the latter by continued 
action of the ammonia. By cooling to —40® they can be isolated 
as colourless, very unstable solids, which on warming to room 
temperature rapidly decompose into ammonia and hydrogen 
peroxide. They may be regarded as the primary and secondary 
ammonium salts of the weak acid hydrogen peroxide. 


Ammines, Amides, Imides, Amines, Nitrides 

Ammines. — It is now generally believed that no definite com- 
pounds can be isolated from solutions of the alkali-metals in liquid 
ammonia, but definite ammines of the alkaline-earth metals have 
been obtained. Thus barium hexammine, Ba(NH3)0, is produced 
when ammonia acts on barium at low temperatures. It is stable 
only at low temperatures, ignites spontaneously in the air, and is 
decomposed by water. 

Amides and Imides. — The amides contain the univalent group 
NHg, the imides the bivalent group NH. A large number of these 
compounds is known, but most inorganic examples are of only 
theoretical interest. Sodamide and potassamide are of some 
importance. 

Sodamide, NaNHo, is prepared by heating sodium in ammonia 
gas at about 300®: 

2Na+2NHa=2NaNH2+H2. 

It is, when pure, a colourless solid which melts at 206® to a liquid 
which decomposes when strongly heated. It is slowly oxidized by 
the air, even when cold, and when heated in the air bums brilliantly. 
It reacts with water almost as vigorously as does sodium, producing 
caustic soda and ammonia: 

NaNHa +H2O ==NaOH -j-NHs, 

and when heated with carbon produces sodium cyanide, NaCN 
(P- 453 ). 

Boramide, may be mentioned as an example of an 
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amide of a non-metal. It is produced by the action of ammonia 
on boron trichloride: 

6NH3+BCl3=B(NH,)3+3NH4Cl. 

and when heated forms first boron imide, B2(NH)3, and then boron 
nitride, BN : 

2B(NH3)3=B2(NH)3+3NH3 t . B2(NH)3=2BN+NH3 t . 

Calcium imide^ CaNH, is obtained by passing a mixture of 
nitrogen and hydrogen over hot calcium. \ 

Silver amide is obtained by the action upon silver Initrate of 
potassamide dissolved in liquid ammonia: \ 

KNH 2 -bAgN 03 =KN 03 + AgNH 3 1 • 

Phospham, PNgH. — This curious substance, which is probably a 
polymer (NP.NH)^, is best prepared by heating ammonium 
chloride with phosphorus pentasulphide. It is a colourless solid 
unaffected by cold water or cold dilute acids, but decomposed by 
boiling water into phosphoric acid and ammonia: 

PN2H+4H30=H3P04-f2NH3. 

It slowly oxidizes in the air and is decomposed by strong beating. 

Chloraniine, NHgCl. — In this compound one of the hydrogen 
atoms of the ammonia molecule has been replaced not by a metal, 
as in sodamide, but by a halogen atom. It is produced by the 
action of hypochlorites on ammonia in solution: 

OCl'+NHs^NHaCl-fOH', 

and can be detected in the mixture by its peculiar odour. Distilla- 
tion at low pressure yields a few drops of chloramine in the distillate 
as a yellow oil which readily decomposes. The pure substance can 
be obtained by removing water-vapour from the gas stream with 
potassium carbonate and condensing the remainder with liquid 
air. It is a colourless substance, melting at — 6o® and liable to 
violent explosion at temperatures but little higher than its melting- 
point, No similar compounds of the other halogens have been 
prepared. 

Nlizides, — ^The binary compounds between nitrogen and other 
elements are called nitrides. The salts of azoimide, or hydrazoic 
acid, an acid with the formula HN3, are called azides ^ and are not 
usually classified with the nitrides, which can be distinguished 
from them by the fact that the nitrides all liberate ammonia when 
treated with fused caustic alkalis, and some of them when treated 
^th water, e,g.: 

Li 3 N+ 4 H 30 « 3 Li 0 H-i-NH 3 +H A 
|f BN-f 3 K 0 H« K3BO3-I-NH3 1 . 
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All elements form nitrides except the following: the inert gases; 
Group VIII {excluding iron, cobalt, and nickel, which do form 
nitrides), tellurium, bromine. Some of the very rare elements, 
such as gallium, and a few rare earths, have not been investigated, 
but from the behaviour of their neighbours in the periodic table 
it is probable that they would form nitrides. The nitrides of 
hydrogen, oxygen, carbon, sulphur, phosphorus, and the halogens 
are discussed separately, and several other nitrides are mentioned 
under the heading of the second element. 

The nitrides can often be prepared by heating the element in 
nitrogen, or sometimes in ammonia, but a high temperature is 
usually required. Instead of the element, a mixture of its oxide 
with a reducing agent such as aluminium or carbon is sometimes 
used. Some nitrides can be made by heating a suitable compound 
with another nitride, more easily obtained: lithium and magnesium 
nitrides, which can be made by union of the elements at a compara- 
tively low temperature, have been used for this purpose. 

Hydrazme, NH2.NH2. — Hydrazine was discovered by Curtius 
in 1887, though the probable existence of such a compound had 
been foreseen at an earlier date. Small quantities of hydrazine 
are produced in various reactions, but to obtain a good yield either 
in the laboratory or on a large scde is not very easy, and hydrazine 
and its derivatives still command a fairly high price. 

The method discovered in 1907 by Raschig, and called by his 
name, is perhaps the best. Aqueous ammonia is boiled with sodium 
hypochlorite and a little glue. The first product is chloramine, 
NHgCl, and this reacts with more ammonia to form hydrazine 
chloride, NHj.NHsCl: 

NH2Cl+NHa=NH2.NH3Cl. 

This compound, which is soluble in water, remains in solution, 
and the liquid is cooled with ice and treated with sulphuric 
acid, which precipitates the less soluble hydrazine sulphate, 
N2H4H2SO4, a colourless solid which may be recrystallized from 
water. Careful working is required or the yield will be poor, 
as alternative reactions may take place with loss of nitrogen: 
the object of the glue is to envelop and ‘ poison ' any traces of 
heavy-metal ions, that strongly catalyse imwanted reactions. 

Hydrazine hydrate, NaH^.H^O, is obtained by the acti<^ of 
caustic alkalis on the acid derivatives of hydrazine, but it is difficult 
to separate it from the resulting solution without considerable loss: 
resort is had to fractional ffistillation under reduced, pressure. 
Anhydrous hydrazine is prepared by treating hydrazine sulphate 
with liquid funmonia, when ammonium sulplmte, insoluble in am- 
monia, is pmdpitated and removed by filtration. Hydrazine is a 
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colourless liquid which fumes in the air and attacks cork or rubber; 
in hot concentrated solution it will corrode glass. It freezes at o® 
and boils at 113®. It is soluble in water in all proportions, and 
forms with it a constant-boiling mixture which boils at about 120°. 
It is a di-acidic base, and can form salts with one equivalent of ari 
acid or with two. Its first dissociation-constant is about lo-®, so 
that it is about as weak a base as ammonia, but its second dissocia- 
tion-constant is only about io~^®, so the dibasic salts of hydrazine 
are almost entirely hydrolysed in solution. Only one \ hydrate is 
known, the monohydrate N2H4.H2O, a liquid resemblmg hydra- 
zine in its properties. The basic properties of the amind groups of 
hydrazine, like those of ammonia, are presumably due to the power 
which these groups have of accepting hydrogen ions.\ Such a 
compound as hydrazine dichloride ionizes in aqueous solution as 
follows: 

Cl.NH8.NH,.Cl-^NH8.NH8*‘+2Cr. 

Hydrazine itself is oxidized by the air, and must be kept under 
hydrogen, while its derivatives are powerful reducing agents from 
which gaseous nitrogen can easily be liberated. They are rapidly 
oxidized by the halogens, e.g. : 

N2H8-+2l2-N2t+4l'+5H\ 

and in acid solution, in the presence of certain catalysts such as 
copper salts, will reduce chlorates to chlorides: 

3N2H8 +2C108'=3N2 t +2C1'+3H’+6H20. 

This reaction is used in einalysis. Copper solutions are reduced to 
cuprous oxide, salts of silver, gold, and other electronegative metals 
to the metal, and ferric to ferrous salts. 

Hydrazine is an endothermic compound, and in the presence of 
platinum black spontaneously decomposes as foUows: 

3N2H4=4NH8+N2, 
but if a strong base is present the action is: 

3N2H4=2NH8+2N2+3H2. 

Several of the acid derivatives of hydrazine have been prepared, 
and the most important is: 

Hydrazine sulphate, ‘hydrazine hydrosulphate,' N2H4.H2SO4, 
the commonest hydrazine compound It is a colourless solid 
precipitated from cold concentrated hydrazine solutions by sul- 
phates, as it is not very soluble in cold water (about 20 gm. per 
Utmi It is considerably more solubk in hot water, but nearly 
insoltibl^ in alcohol. It is a stable substance which can be heated 
to nearly 250® without decomposition. 

Hydrazine monochloride, NH2.NH2.Cl, is made by gently heating 
the dicblot^e. 
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Hydrazine dichloride t C1.NH3.NH3,C1, is usually made in solution 
from mixed solutions of the sulphate and barium chloride. It 
is a colourless hygroscopic solid soluble in water and slightly 
soluble in alcohol. 

Hydrazine and its derivatives — ^such as phenylhydrazine, 
CeHfi.NH.NH2, and dinitrophenylhydrazine, (N02)2C3H3.NH.NHa— 
have a limited use in inorganic chemistry as reducing agents, but are 
much employed in organic chemistry. 

Hydroxylamine, NH2OH. — This compound so much resembles 
ammonia in its structure that it is generally considered together 
with the hydrides of nitrogen. It was discovered by Lossen in 
1865. Numerous methods for preparing it are known, but they 
mostly give only a poor yield; the electrol5rtic method is the best. 
In this process nitrates are reduced at the cathode in the presence 
of sulphuric acid. A diaphragm cell is used with a lead or mercury 
cathode, and the electrolyte must be well cooled. The yield is 
not very good, and the isolation of the hydroxylamine is difficult, 
as its salts are soluble in water. The solution is neutralized and 
heated with acetone, (CHa)2CO, which reacts with the hydroxyl- 
amine to form acetoxime, (CH3)2C:NOH; this can be extracted with 
benzene and converted to hydroxylamine chloride, NH2OH.CI, by 
treatment with hydrochloric acid. Alternatively a solution of the 
chloride can be obtained by adding barium chloride to the sulphate 
solution and filtering. This is then evaporated nearly to diyness 
under reduced pressure and allowed to crystallize. 

Most of the chemical methods of preparation also depend on the 
reduction of compounds containing nitrogen and oxygen. Lossen's 
original method was to pass nitric oxide through hydrochloric 
acid in which tin is dissolving. After a suitable interval the tin 
is precipitated with hydrogen sulphide and removed, and the 
filtrate evaporated to dryness, extracted with alcohol, and again 
taken to dryness, when hydroxylamine chloride remains. 

The free base is easily obtained in solution by adding caustic 
alkali to hydroxylamine salt solutions, but as the resulting solutions 
are decomposed on boiling, the isolation of the free base is difficult. 
It was first accomplished in 1890 by adding sodium methoxide 
NaOCH3, a solution of hydroxylamine chloride in methyl alcohol: 

NH30H.Cl-f NaOCHa^NHgOH+NaCU +CH3OH f . 

Sodium chloride, which is nearly insoluble in methyl alcohol, is 
filtered off, and the alcohol is removed by low-pressure ffistillation. 
^0 hydroxylamine can finally be distilled at low pr^sure at about 
60®, and recxystaliuKed from alcohol, using a freezing-mixture, to 
^crease the yield. It is a colourless solid, melting at 33®, which 
explodes if suddenly heated. It mixes with water in all proportions. 
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but the solutions are not very stable, especially if impurities are 
present. In the presence of platinum black they are rapidly decom- 
posed into nitrogen, ammonia, and nitrous oxide, and atmospheric 
oxidation to nitrous acid and other products also takes place even 
in the absence of a catalyst. Hydroxylamine is a weak mono-acidic 
base, weaker than ammonia, and combines with acids to form salts 
whose cation is NHaOH*, and which are partially hydrolysed in 
solution : they can be titrated against caustic apalis with 
phenolphthalein. \ 

Hydroxylamine most commonly behaves as a w^kly basic 
reducing agent with the structure NHa-OH, the oxidatiqn-products 
being generally nitrous oxide, NgO, and water, but Wmetimes 
nitrogen, nitric oxide, or even nitric acid. In certain circumstances, 
however, and notably in strong acid solution, it may behave as an 
oxide of ammonia, NHg-^O, with oxidizing properties. To give 
an adequate summary of its behaviour it would be necessary to 
describe its reactions with organic compounds: we may mention 
here a few of its inorganic reactions. 

In neutral or slightly acid solution ferric salts are reduced to 
ferrous salts, but in concentrated acid solution, or in alkaline 
suspension, the reverse change takes place. In these reactions 
nitrous oxide is the principal product of oxidation, ammonia of 
reduction. Iodine is reduced to iodide except in very concentrated 
acid solution, when iodides are oxidized to iodine. Cuprous oxide 
is deposited from Fehling’s solution, and silver from silver salt 
solutions. 

Hydroxylamine chUrride, NHjOH.Cl or NHj.OH.HCl. — ^This salt 
is sometimes called hydroxylamine hydrochloride, to express the 
fact that hydroxylamine forms salts by combination with an acid 
without the elimination of water: it is a basic anhydride, like 
ammonia. It is prepared as already described, and is a colourless 
solid melting at 15 1® and decomposing on strong heating. It is 
very soluble in water. 

Hydroxylamine sulphate, (NH20Hl8.HgS04 or (NH80H)2S04, 
is obtained by evaporating the chloride to dryness with sul- 
phuric acid in calculated quantity and extracting the residue 
with alcc^hol, in which the sulphate is nearly insoluble. It 
melts with decomposition at about 170® and is very soluble in 
water. 

Azoimide, l^daupoie add* Birdfogaoi szide, HN,.— Phenyl azide, 
C^,.N|p was piepaoed in 1867, but hydrogim azide was not dis- 
covered tin 1890, utei Curtias prejpaxed a smaU quantity by the 
actioa of nitrous addl on hydianne: 
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Very numerous reactions have since been discovered by which the 
acid or its salts can be prepared, though, as with hydrazine and 
hydroxylamine, it is difficult to get a good 5deld. Curtius’s 
original method gives a fair yield if the acidity is carefully con- 
trolled. The oxidation of hydrazine sulphate with a persulphate 
also gives quite good results, but the best method of all is to heat 
sodamide to 200® in a current of dry nitrous oxide, when a good 
yield of sodium azide, NaNg, is obtained: 

NaNH2+N20=NaN3-fH20, 

mixed with a little caustic soda produced by hydrolysis of the 
sodamide. The product is dissolved in water, acidified, and dis- 
tilled, when the hydrogen azide comes over in the first fraction. 
The anhydrous substance is obtained by blowing air through its 
warm aqueous solution, removing water from the air stream by 
calcium chloride, and condensing the hydrogen azide vapour in liquid 
air. Hydrogen azide is explosive, and the experiment is dangerous. 

Hydrogen azide (this is perhaps the best of the three alternative 
names for the compound) is a colourless liquid with a nauseous 
smell, freezing at —80® and boiling at 37®. It frequently explodes 
when boiled, but the density of the vapour has been measured and 
found to correspond with the formula HNj. It mixes with water 
in all proportions, and the dilute solutions are stable at all tempera- 
tures in the absence of catalysts, though the concentrated solutions 
may explode on heating. The solutions contain a weals: monobasic 
acid; dissociation-constant, say, 2XI0“® at 25®, about equal to 
that of acetic acid. The solutions are very poisonous. Hydrogen 
azide is easily oxidized to nitrogen, or reduced to ammonia, or, 
less often, hydrazine. In the presence of platinum black these 
changes take place simultaneously: 

3HN3=4N3t+NHst, 

and this reaction can be brought about in solutions of either the 
acid or its salts. When metsds dissolve in the acid solution the 
hydrogen liberated reduces some of the acid to ammonia, which 
then forms ammonium azide: compare the production of ammonium 
nitrate by the action of nitric acid on certain metals. Solutions of 
hydrazoic acid are also decomposed by acids on boiling, and often 
oxidize them; thus with hydrochloric acid chlorine is liberated: 

N 3 H+ 3 H’+ 2 Cl'=Cl 3 1 +N3 1 +NH4 . 

The azides are obtained by acting on hydrazoic add with bases, 
a^d contain the ion N3'; their solutions have alkaline reactions 
from hydrolysis. The principal soluble azides are those of the 
alkali-metals, ammonium, magnesium, and the alkaline-earth 
metals. They are all explosive, but the alkali-metal azides much 
0 
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less so than those of the heavy metals. Oxidizing agents liberate 
nitrogen from the azides: e.g. with bromine the action is: 

Br 2 + 2 N 8 '= 3 N 2 t + 2 Bt\ 

Sodium azide, NaNj, is prepared by evaporating to dryness the 
solution prepared from the acid and caustic soda, or from sodamide 
as already described, and is a colourless solid which can be struck 
with a hammer with impunity — though it is liable to explode, forming 
the elements, if heated to about 350®. It is very solubk in water. 

Ammonium atide, NH4N3, is a colourless volatile sond which if 
cautiously heated melts at 160® and begins to sublime at about that 
temperature. If rapidly heated it explodes, yielding nitrogen, 
hydrogen, and ammonia. ' ; 

Cupric azide, CuNg, is a highly explosive substance precipitated 
from cupric solutions by soluble azides. 

Silver azide, AgNj, is obtained from silver solutions and azide 
solutions. It can be distinguished from silver chloride by its 
solubility in warm dilute nitric acid, or even more easily by the 
violent detonation produced by a sharp blow. It melts at 254°, 
and explodes at a rather higher temperature. It slowly decomposes 
into its elements when exposed to light. 

Lead azide, PbN^, resembles silver azide and has been used as a 
detonator. It exists in two different crystalline forms, one of which 
is much more dangerously explosive than the other. 

Hydrogen azide also forms interesting but unstable compounds 
in which its hydrogen atom is replaced by a halogen. 

CUof azide, NgCl, is a gas produced by the action of hypochlorous 
acid on azides in acid solution: 

HNa+HOCl^NaCl f +H2O. 

It is a violently explosive substance liable to spontaneous detona- 
tion. With alkaline solutions it forms an azide and a hypochlorite. 
By the action of bromine vapour on silver azide, bromazide, NgBr, 
is obtained as an orange-red and equally explosive liquid, instantly 
decomposed by water. lodoazide, Njl, has been prepared as an 
explosive yellow solid by the action of iodine in ethereal solution on 
^slver azide: its solutions in water, though unstable, can exist for 
a short time. 

The structure of hydrazoic acid and its derivatives has now 
been elucidated with certainty. The old cyclic formula: 

yN 

H-N<ll 

\n 

is incorrect, and the formula N±:JIa :NH or N“«N+=s=NH is 
laB agimnent with the evidmce. 
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Oxides of Nitrogen 

Heats of Fonnation. 

Nitrous oxide, N, 0 , - 19.600 Nikogen dioxide, NO, -7,900 

NjO, (gas) —2,200 
(liquid) 4- about 
5,000 

Nitric oxide, NO, —21,600 Nitrogen pentoxide, N.O, (solid) 413.000 

Nitrogen trioxide, N, 0 „ —22,200 

Heats of Formation of the Oxides of Nitrogen (Calories) 

As the table shows, the oxides of nitrogen are mostly endothermic 
compounds, though the exothermic nature of liquid N2O4 and 
solid NgOg should be noted. The trioxide and pentoxide are un- 
stable at ordinary temperatures and are less important than the 
others. 

At high temperatures the stable oxide is nitric oxide, formed 
from air or any other mixture of oxygen and nitrogen in accordance 
with the equation: 

Na+Og^^NO. 

The formation of the oxide is promoted by high temperature, but 
practically unaffected by changes in pressure. At ordinary tem- 
peratures the equilibrium yield of nitric oxide is extremely small, 
about 0*1 per cent at 1000® and not more than 2 per cent even at 
2000®. The reason why no decomposition of nitric oxide can 
be detected at ordinary temperatures is that the velocity of de- 
composition only becomes perceptible at about 1200® or over. 

At very high temperatures better yields can be obtained, and 
calculation from the van't Hoff isochore gives about 4*5 per 
cent at 3000®, Still higher temperatures can be reached in the 
electric arc, and the problem is of great practical importance, since 
the combination of nitrogen and oxygen is the most obvious, and 
was for some years the most promising, method of nitrogen fixation. 

At the temperatures employed the velocity^ of reaction is " ver y 
gre^at, but it is absolutely necessary to provide for rapid 
as otherwise the nitric oxide decomposes as soon as . slightly 
temperatures are reached. At 2000®, for example, the ’ 

period of nitric oxide is only a fraction of a second, and the equih- 
brium proportion less than 2 per cent. In all nitric o^dde furnaces 
the gas stream — ^whidi may ht simply air — ^is therefoxe blown at 
high speed throt^ the arc, usually spread out so as to cover ^ 
large an area as possible, and is imm^iately water-cooled; this is 
an example of ^frecafiig the equilibrium.' Nevertheless, heavy 
losses of nitric oxi<k must take plaioe during coaling, though the 
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yields obtained are better than could be expected from a purely 
thermal equilibrium. The yield of the proce^ as carried out on a 
large scale with an arc at 3000^-3500® is said to be about a per 
cent, and Haber and K6 nig reached a yield of no less than 14-5 
per cent by working on a small scale and under special conditions. 
This is considerably more than the equilibrium yield at the tem- 
perature employed, and it must be supposed eithet that the 
equilibrium is affected by the electric discharge or tmt some of 
the reacting gases are dissociated into atoms. \ 

Manufachire of Nitric oxide from Air. — ^The electri|al energy 
required in industrial practice is about twenty times the heat of 

formation of the nitric qxide pro- 
Electrodfi duced, and the factories thht worked 

this process were all situated where 
cheap electrical power was available, 
and usually in the neighbourhood 
of mountain streams which could be 
adapted to water-power for turning 
the generators. As the nitric oxide 
process made no headway against 
the sjmthetic ammonia industry, 
which in time entirely superseded it, 
only a brief account of the Birke- 
land-Eyde process, as formerly 
worked in Norway, will be given. 

In this furnace the arc is struck 
between copper U-tubes cooled by 
a rapid current of water pumped 
through them. These electrodes 
lie along one diameter of a circular 
Fig. 107. The Birkelako-Eyde chamber about seven feet in dia- 
Furnacb (Diagrammatic) meter and made of refractory 

material pierced with holes for the 
passage of air. The arc is spread into a semicircle by a large electro- 
magnet whose poles project into the refractory material, as shown 
in 5ie diagram, and whose coils lie outside the circular chamber. 
As the current supplied to the elect^pdes is alternating, while the 
magnet is fed with direct current, the semicircular arc occupies first 
one half of the chamber, then the other. Air is drawn through the 
furnace by suction-pumps connected to the central space, and enters 
on the outside of the refractory material; as the furnace is circular, 
the pipes through which the air is carried to the furnace and away 
from it are not shown in the diagram. It leaves the furnace at 
tamf or less. 

The combination of nitric oxide and oxygen to form nitrogeu 
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dioxide, which takes place to completion at room temperature, 
is reversible at higher temperatures: 

2N0+02^2N0g. 

On cooling, the nitric oxide in the gas stream begins to combine 
at about 620®, and at 140® the action is virtually complete. The 
first stage of the cooling, down to about 200®, is carried out in 
boilers where the heat of the gases is used for raising steam, and the 
gases are then led into large cooling chambers which they leave at 
about 50® for the towers where they are to be absorbed. Dilute 
nitric acid trickles down the first few towers, which are filled with 
granite blocks to increase the area of contact between gas and 
liquid, and the next tower is supplied with water, while in the last 
is a solution of sodium carbonate containing some caustic soda 
to ensure the complete absorption of the nitrogen dioxide. The 
product of the first towers is nitric acid in concentration up to some 
30 per cent, while in the last tower there is produced a mixed nitrate 
and nitrite solution. Some of the nitric acid was used for the manu- 
facture of calcium nitrate from limestone, and for this reason the 
salt, which was used as a fertilizer, was sometimes known as * Nor- 
wegian saltpetre,* to distinguish it from Chile saltpetre, an impure 
sodfium nitrate. 

Nitrous oxide, NgO, can be made by reducing nitric add with 
stannous chloride and hydrochloric acid in carefully chosen pro- 
portions, but is nearly always prepared by heating ammonium 
nitrate: 

NH^NOa^NgO f +2Hp. 

The gas can be freed from water and from any trace of nitric oxide 
by passing it through a solution of ferrous sulphate in concentrated 
sulphuric acid. The ammonium nitrate must be pure and free 
from chloride, and the heating must be cautiously carried out, for 
not only is the vessel liable to crack if condensed water falls back 
on to the hot glass, but the salt is also liable to explode if too strongly 
heated. 

Nitrous oxide is a colourless gas heavier than air, with a peculiar 
taste and smell. The curious intoxication induced by small 
quantities led to the name ‘ laughing gas ' for the substance. 
Further inhalation leads to insensibility, seldom followed (unless 
unduly prolonged) by any iU after-effects, and a mixture of the gas 
with oxygen is stfll us^ by dentists as a general , anaesthetic. 
Liquid nitrous oxide freezes at —106® and boils at —90®. The gas 
is not v^ soluble in water, and at 15® and atmospheric pressure 
water will dissolve only about 780 c.c. of nitrous oxide per litre. 

low tanperatures a hydrate, NgO^fiHgO, can be obtained from 
the solutions m a colourless solid. 



4X2 THEORETICAL AND INORGANIC CHEMISTRY 

Wien strongly heated, e.g. to 700® or over, nitrons oxide is 
decomposed into its elements. It wll not bnrn, and cannot easily 
be made to combine with oxygen, but wU readily support the 
combustion of most substances that burn in air. Hydrogen bums 
in it with a large luminous flame, forming water and nitrogen, 
and charcoal burns in it, forming carbon dioxide and nitrogen! 
Nitrous oxide can easil}r be distinguished from oxyg^ or air by 
its failure to combine with nitric oxide. It reacts with ammonia 
when heated, forming nitrogen and water: \ 

3N,0+2NH,=4N,+3HA \ 

and is fairly stable towards the usual oxidizing or reduq^ agents. 

Kitrio odtle. NO. — ^The s3mthesis of this compoiind hks already 
been discussed. It is frequently produced by the action of reducing 
agents, usually metals, on nitric acid, and in the laboratory copper 
is generally employed for the purpose. The reaction is usually 
represented as: 

3Cu+8H'+2NO,'=3Cu**+ 2NO f +4HA 
but unless the conditions are carefully regulated, the product is 
alwa}rs contaminated with traces of other oxides of nitrogen. A 
pure gas can be obtained by using cold dilute nitric acid. Care is 
always necessary in starting the reaction, as it gives out much 
heat and the velocity increases rapidly with temperature. The 
best method is to use fairly concentrated nitric acid at first and to 
dilute it before the evolution of gas becomes too violent. A pure 
gas can also be obtained by dropping concentrated sulphuric acid 
on to a solution of sodium nitrite in water; traces of nitrogen 
dioxide, nitric add, or hydrogen chloride can be removed by passing 
the product through water. Whatever method is used, the gas 
must not be collected till all the air has been driven from the 
apparatus. 

Nitric oxide is a colourless gas, very slightly heavier than air. 
The liquid freezes at —161* and boils at —150®. At ordin^ 
ten:q>eratures it rapidly combines with the oxygen of the air, forming 
nitrogen dioxide, a brown gas: 

2N0+0,=2N0,.2N0,^N,04. 

but without the mxxluction of flamer The velodty of the reaction 
has a small negative temperature-coefficient. Nitric oxide is only 
lightly scdulfle in water, but if air or oxygen is also present it 
kaias nitrogen dioxide, which can be completely absorbs. Con- 
ductivity measurranents on solutions of pure nitric oxide in water 
,^w tlMim to omtain a very unstabte weak add, perhaps n^o- 
aci 4 ^ Hj|N,Oa. Nitric oxuk is solnbte in solutions 
of |drons said (ui^Ulfy farrous sulj^iate), with a^iich it probably 



NITROGEN 413 

forms a complex ion (Fe.NOy\ The gas is released when the 
solution is warmed, and can be completely expelled by boiling. 
Since in some of its reactions nitric oxide shows evidence of nn- 
saturation, it is interesting to find that the vapour density gives 
no sign of double molecules (see p. 354). 

Nitric oxide will support the combustion of certain substances 
with a great afiinity for oxygen. Strongly-burning fragments of 
phosphorus or charcoal, if plimged into the gas, will continue to 
burn, leaving nitrogen and forming phosphorus pentoxide and 
carbon dioxide respectively. On the other hand, burning hydrogen 
and burning sulphur are extinguished by nitric oxide. However, 
the gas can be reduced to nitrogen by sparking it with hydrogen, 
and to hydroxylamine by bubbling it through solutions in which 
hydrogen is being produced (p. 405). 

Nitric oxide combines with the halogens, except iodine, to form 
compounds such as nitrosyl chloride, NOCl. With metallic oxides 
at different temperatures a variety of products may be formed. 
Some, such as litharge, PbO, are imaffected, others, such as barium 
peroxide, form nitrites : 

Ba02+2N0=Ba(N02)2» 

others, such as silver oxide, form the metal and a nitrate: 

2Ag20+N0=:3Ag+AgN08, 

and some lower oxides reduce nitric oxide, forming a higher oxide 
and nitrogen, e.g. with stannous oxide stannic oxide is produced: 

2Sn0+2N0=2Sn02+N2. 

Hydrogen peroxide forms nitrous acid if not in excess: 

H202+2N0=2HN02, 
and nitric acid if in excess: 

3H202+2N0=2HN03+2H20. 

Ferrous hydroxide produces a little hyponitrite: 

^ 2Fe(0H)2+2N0+20H'=N202-^+2Fe(0H)8. 

Nitrogen trioxidey N2O3, is produced at low temperatures by the 
union of nitric oxide and nitrogen dioxide: 

NO+NO.^NaOa, 

or of nitric oxide with oxygen in quantity insufScient to form the 
dioxide; 

4N0+02«2N203. 

A smtable mixture of nitric oxide and nitrogen dioxide can be 
obtained by reducing nitric acid of moderate concentration with 
starch, or a mixture of oxygen with a large excess of nitric oxide 
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may be employed. When the gas stream is cooled to a sufficiently 
low temperature the nitrogen trioxide collects as a blue substance 
which melts at about —8o® or —90® and boils with decomposition 
at 2®. Solid nitrogen trioxide has also been prepared by the action 
of the electric arc on liquid air. 

At 25® C. and i atm. the dissociation of the trioxide into nitric 
oxide and nitrogen dioxide leaves 10 per cent of undecomposed 
trioxide. The trioxide combines with oxygen, as does nitric oxide, 
to form nitrogen dioxide, and it is usually supposed to ne an inter- 
mediate product in the oxidation of nitric oxide. It is immediately 
absorbed by caustic alkali to form a nitrite : \ 

N203+20H'=2N0/+Hp, \ 

and is indeed the anhydride of nitrous acid. 

Nitrogen dioxide, nitrogen * peroxide,’ NO^ and N2O4.— This com- 
pound is produced at ordinary temperatures as a brown gas by the 
action of air or oxygen on nitric oxide ; it can also be obtained by 
distilling lead nitrate, Pb(N03)2: 

2Pb(N03)2=2Pb0+4N02 1 +0^ t , 
or by reducing nitric acid with arsenic trioxide, AsjOg. If the gas 
obtained by any of these processes is passed through a freezing- 
mixture at about —20® the nitrogen dioxide condenses as nearly 
colourless crystals which melt at —10°, but to remove any nitrogen 
trioxide it is well to pass oxygen through the liquid. 

The colour varies in a strOcing way with the temperature. The 
solid is colourless or very pale yellow, and melts without change 
of colour. At 10®, however, the liquid is distinctly yellow, and at 
the boiling-point, 22®, is orange, while with rising temperature the 
gas takes on a darker and darker shade of reddish-brown, and at 
40® is nearly black. Similar colour-changes can be observed in 
solutions of nitrogen dioxide in solvents such as acetic acid. 
Vapour-density measurements on the gas, and cryoscopic measure- 
ments on the solutions, show that the changes can be accounted 
for by an internal equilibrium between colourless molecules, N2O4, 
and red-brown molecules, NO^: 

2N03^N394. 

The experimental results are in good agreement with the law of 
mass-action. The degree of dissociation of the double molecules 
at atmosph^^ric pressure is 20 per cent at about 27®^ 50 per cent 
at about 58®, 90 per cent at about loi®, and virtually 100 per cent at 
about 140®, At higher temperatures nitrogen dioxide begins to 
decompo^ into nitric oxide and oxygen, and the colour of the gas 
consequently becomes paler. 

Nitrog^ dioxide Is much heavier than air. It has a pungent, 
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disagreeable smell, and is dangerously poisonous. It is completely 
absorbed by water with the formation of nitrous and nitric adds: 
2 N 02 +H, 0 =HN 0 ,+HN 08 , 

and by caustic alkalis with the formation of nitrites and nitrates. 
If, however, the nitrous acid concentration rises too high, some nitric 
oxide is formed: 

3HN02^HN03+2N0+H20. 

In the presence of air or oxygen in excess, nitric add is the only 
product of the action of nitrogen dioxide on water. Nitrogen 
dioxide is absorbed by concentrated sulphuric acid, and dissolves 
in concentrated nitric acid to form ‘ fuming nitric acid.* 

Nitrogen dioxide is an oxidizing agent, and under favourable 
conditions will support combustion. At a high temperature 
hydrogen reduces it to ammonia, while charcoal and phosphorus, 
but not sulphur, can be made to bum in the gas. Many metals 
such as copper or nickel will reduce the gas to nitric oxide when 
heated in it, themselves forming oxides; other metals form nitrates. 
Most metallic oxides behave like water and give a mixture of 
nitrite and nitrate, thus with calcium oxide: 

2Ca0+4N02==Ca{N03j)2+Ca(N08)2. 

With hydrogen sulphide the products are nitric oxide, sulphur, 
and water: 

H2S+N02=N0+S+H20. 

Nitrogen dioxide does not react at ordinary temperatures with 
the halogens. 

Nitrogen pentoxidet N2O5, was discovered in 1849 by Deville, 
who prepared it by the action of chlorine on hot dry silver nitrate: 

4AgN08+2Cl2=4AgCl+2N205 f +O 2 f , 
but is more conveniently obtained by the action of the powerful 
dehydrating agent phosphorus pentoxide on pure anhydrous nitric 
acid: 

2HN03--H20==N205t. 

The nitric acid is first dried by one or two distillations from con- 
centrated sulphuric acid, and is then mixed with a considerable 
excess of phosphorus pentoxide while the temperature is kept 
below 0®. The mixture is then cautiously distilled, when the 
pentoxide collects in the receiver in colourless ciystals. 

Nitrogen pentoxide is a colourless solid which melts at about 
30®, and at room temperattire, unless confined in a closed vessel, 
slowly sublimes without melting, forming nitrogen dioxide and 
oxygen. It is nitric anhydride, and dissolves in water, forming 
nitnc acid and giving out much heat. It is a powerful oxidiring 
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and nitrating agent, and in contact with organic substances may 
give rise to explosions. The decomposition ultimately into nitrogen 
dioxide and oxygen is a homogeneous unimolecular reaction, and 
has been the object of much investigation (p. 117). It has recently 
been shown that the solid is ionic, and represented by the formula 
NOg.NOr 

Nitrogen Oxyhalides 

Nitrogen forms two series of oxyhalides, the nttro\vl halides, 
such as nitrosyl chloride, NOCl, and the nitroxyl or niml halides^ 
such as nitroxyl chloride, NOgCl. To borrow a term from organic 
chemistry, these are the ‘ acid chlorides ' of nitrous 4nd nitric 
acids respectively, and on hydrolysis they 5deld these aci& and the 
hydrogen halide, e.g. : 

N 02 C 1 +H 20 =HN 03 +HCL 

Nitrogen forms no oxyiodides, and the existence of nitroxyl bromide 
and chloride has been disputed. The nitroxyl compounds are 
not very stable. 

The nitrosyl halides are all gaseous at room temperature. Their 
melting- and boiling-points are as follows: 

NOF NOa NOBr 

Melting-point —134* —62® —55® 

Boiling-point — 56® — 6® — 2® 

Melting- and Boiling-points of the Nitrosyl Halides 

Hitraiyl fluoride, NOF, is a colourless gas prepared by the action 
of nitrosyl chloride on silver fluoride. It is hydrolysed by water, and 
the solution yields nitric oxide and nitrogen dioxide on wanning. 
Most metals decompose it to form a fluoride and nitric oxide. 

Hitroeyl ddoride, NOCl, is prepared by the union of nitric oxide 
and chlorine on a charcodi catalyst at 50®, or by the action of nitric 
acid on numerous chlorine - containing compounds — hydrogen 
chloride, ferric chloride, and phosphorus pentachloride have all 
been employed. The most satisfactory method is to distil a mix- 
ture of potassium chloride and n|trosyl bisulphate, NO.HSO4. 
Nitrosyl chloride is present in aqua regia, and is no doubt partly 
responsible for its solvent properties. 

It is an orange gas which must be very strongly heated before it 
dis^iates into nitric oxide and chlorine. It is sduble in water, 
and its hydrolysis can be repressed if the liquid is strongly acid 
(e.g. as in aqua regia). Heated hi nitrosyl chloride, many metals 
jferm chlorides and leave nitriti oxide, while others form oxides and 
borides leave nitrogen. 
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Nitfosyl broinide, NOBr, is prepared by the action of nitric 
oxide on bromine at low temperatures. Higher oxybromides of 
nitrogen have been described. 

Nitryl fliloride» NOjF, was discovered in 1905. It is prepared 
by acting on dinitrogen tetroxide with excess of fluorine at a low 
temperature and fractionating the product: 

Na04+F2=2N02.F, 

and is a colourless gas with a very pungent odour, which in its 
chemical activity recalls fluorine: it attacks glass. Nitryl fluoride 
melts at —166° and boils at — 72®. 

Nitryl chloride, NO2CI, is prepared by the combination of 
nitrogen dioxide and chlorine in a hot tube, or by the action of 
chlorosulphonic acid, Cl.SO2.OH, on nitric acid: 

C1.S02.0H+HN03=N02C1+H2S04, 
or by mixing nitrosyl chloride with ozone and cooling the product 
with liquid air: 

N0C1+08=N02C1+02, 

It is a colourless liquid which boils at —15® to form a colourless 
gas, decomposed by water. 


The Oxyacids of Nitrogen 

The principal oxyacids of nitrogen are hyponitrous acid, H2N2O2, 

nitrous acid, HNOg, 

nitric acid, HNOj, 

in ascending order of importance. Unstable derivatives of hydro- 
nitrous acid, HgNOa, and nitrohydroxylaminic acid, H2N2O8, have 
also been prepared. 

Hyponitous acid, HgNgOa* — Several methods are known for 
the preparation of hyponitrites. Nitrites may be reduced either 
with sodium or magnesium amalgam or electrolytically at a 
mercury cathode, or nitric oxide may be reduced by ferrous 
hydroxide. The yield of these processes is usually poor: perhaps 
ten or twelve per cent. The hyponitrite is isolated from the 
resulting solution as the insoluble silver salt. The free add^ is 
obtained by suspending the silver salt in ether and adding a solution 
of hydrogen chloride in ether, then filtering off the rilver chloride 
^d evaporating the ethereal solution of the acid to dryness. It 
is a colourless aystalline solid, very unstable and liable to 
spontaneous explosion. The aqueous solution liberates nitrous 
oxide eveh at room temperature: 

H*N202«N/>t+H20. 
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but the acid cannot be made by combination of nitrous oxide and 
water, and nitrous oxide should consequently not be described as 
hyponitrous anhydride. Cryoscopic measurements show the acid 
to exist in double molecules in solution, and it is weak and dibasic. 
It is a powerful reducing agent, usually forming nitrous acid. 

Sodium hyponitrite, NagNjOj-SH^O, can be obtained in small 
crystals by the electrolysis of sodium nitrite solutions at a mercury 
cathode. It can be dehydrated in a vacuum. Tpe solution 
liberates nitrous oxide on boiling: 

t +2OH', 

but the solid is stable up to 300°, when it decomposes,\ attacking 
even glass and platinum. \ 

Silver hyponitrite, Ag^NjOg, is a pale yellow salt precipitated 
from hyponitrite solutions by silver nitrate. It is unaffected by 
boiling water, but on heating alone gives silver and nitric oxide, 
with a little silver nitrate. 

Nitrous acid, HNO2, and the Nitrites.— Nitrous acid has never 
been isolated, but it can be obtained without difficulty in solution 
by acidifying cold solutions of nitrites, or, less conveniently, by 
the action of water on nitrous anhydride, nitrogen trioxide, NgOj. 
The nitiites can be prepared: 

(i) from the sodium or potassium salts, prepared by heating 
the nitrates with or without reducing agents: 

2KN03==2Kno.,+ 02 t ; 

(ii) by the action of oxides of nitrogen on aqueous solutions: 
thus nitrogen dioxide gives a mixture of nitrite and nitrate: 

2N02+20H'=N02'+N03'+H20. 

A mixture of nitric oxide and dioxide in the right proportions 
gives pure nitrite: 

N0+N024-20H'=2N02'+Ha0; 

(iii) by reducing nitrates: thus in the presence of lime sulphur 
dioxide will reduce nitrates to nitrites: 

N03'+S02+Ca0=N02'+CaS04. 

Nitric acid can be partially reduced by nitric oxide, but the 
action is reversible: 

2N0+HN0*+H20^3HN02: 

(iv) by oxidizing nitric oxide, either as above with nitric acid, 
or with hydrogen peroxide or barium dioxide. The oxida- 
tion with hydrogen peroxide must be carefully controlled, 
or nitric acid will be produced. 

zNO-fHtOj^zHNO*. 
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The nitrites are mostly colourless or pale yellow substances 
soluble in water, but some of the complex nitrites, such as potassium 
cobaltinitrite (p. 807), are insoluble. Nitrous acid is a weak acid, 
dissociation-constant about 5x10"^, hence its salts are slightly 
hydrolysed in solution and have a faint alkaline reaction. Nitrites 
may have a weak oxidizing or a weak reducing action. The oxidiz- 
ing action is promoted by acidity, but the peculiarities of the other 
substance concerned are often more important: thus ferrous salts 
will reduce nitrites in all circumstances. The general equations are : 

2N0a'+2H*=2N0+H20+0 
and N02'+H20=N08'+2H. 

The favourable effect of acidity on the oxidizing powers of nitrites 
may be attributed either to the hydrogen ions consumed or to the 
disruptive effect of acids on the nitrous acid molecule, ON.OH, 
which contains a hydroxyl group united to the elements of nitric 
oxide, i.e. a nitrosyl group. In certain reactions, mainly involving 
carbon compounds, nitrous acid can split off a hydroxyl group (not 
ion) to form water. The other product is called a nitroso-compound. 
Nitrite solutions are decomposed by boiling; this is a simultaneous 
oxidation and reduction: 

SNO^+HgO-NOa'+aNO f + 20 ff. 

The decomposition is slow in the cold, but can be accelerated by 
removing the nitric oxide as it is formed, as for instance by passing 
through the liquid a stream of some indifferent gas, such as nitrogen. 
Neutral nitrite solutions are stable towards atmospheric oxidation, 
but this takes place even in the cold if the solution is acid. The 
small quantities of nitric oxide produced are oxidized by the air 
to nitrogen dioxide, which, with more air, is absorbed by the 
solution, producing nitric acid. The total reaction is then: 

2N02'+02=:2N03'. 

Since concentrated nitrous acid solutions decompose, solid nitrites 
give brown nitrous fumes with concentrated sulphuric acid. 

Air, ozone, hydrogen peroxide, bromates, iodates, permanganates, 
iUid ceric compounds are among the substances which in suitable 
circumstances will oxidize nitrites to nitrates. In acid solution 
hydrogen sidphide is oxidized to sulphur, sulphites to sulphates, 
and ferrocyanides to ferricyanides. The case of iodine is instructive, 
for in add solution iodides are oxidized to iodine, while in neutral 
or alkaline solution iodine is reduced to an iodide. The equations 
are: 

2NO/+2r+4H‘=2NO t +I 2 + 2 H 2 O 
N 0 |'+I*+H 30 =N 0 s'+ 2 H+ 2 r. 


and 
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Since nitric oxide, the product of the reduction of nitrous acid, can 
itself be reduced without much difficulty, the action of vigorous 
reducing agents on nitrous add and the nitrites may produce not 
only nitric oxide but also hydroxylamine, nitrous oxide, nitrogen, 
or ammonia. 

Sodium nitrite, NaNOj, is prepared on a large scale from oxides 
of nitrogen. The hot mixed gases are passed into cau^ic soda, and 
the mixture of nitric oxide and nitrogen dioxide procmces a fairly 
pure salt. Lai^e quantities of sodium nitrite are consumed in the 
dye industry in the manufacture of diazo-compounds. Sodium 
nitrite may also be prepared by heating sodium nitrate,! but as it is 
difficult to stop the decomposition exactly at the point required, 
it is best first to mix the nitrate with a reducing agent. Lead is 
often used: ' 


Pb+NaN 08 =Pb 0 +NaN 0 „ 

and the nitrite can then be obtained from the product by extracting 
it with water, in which it is extremely soluble: it absorbs much heat 
on solution. It melts at 271®, and on stronger heating decomposes 
with the formation of sodium oxide, nitrogen, nitric oxide, and 
sodium nitrate. 

Potassium nitrite, KNOj, is ve^ similar to the sodium salt. 

Sodium hydronitrite, NajNOj, is obtained by mixing solutions of 
sodium and of sodium nitrite in liquid ammonia. It is a yellow 
solid which reacts violently with water, behaving like a mixture 
of sodium and sodium nitrite: 

2Na2N0*+2H80=H, f +2NaOH+2NaNO,. 

Ifitrio add, HNOs. — ^Two methods of manufacturing nitric acid 
on the large scale from atmospheric nitrogen have ^eady been 
described: the oxidation of ammonia (p. 390), and of S3mthetic 
nitric oxide (p. 411). The former now covers the greater pail of the 
world's consumption, but an older process, in which a nitrate is 
distilled with concentrated sulphuric acid, is still carried out. 
Potassium nitrate is sometimes preferred to sodium nitrate, as it can 
more easily be purified by recrystallization. The action is: 

KN03+H,S04=HN05 t +KHSO4, 

so that half the sulphuric acid is not used, but this action takes 
place at about 200®, while the conversion of potassium hydrogen 
sulphate to potassium suliffiate requires a very much higher tem- 
pmture and a more expensive plant, while some of the nitric acid 
IS decomposed. The stills are made of cast iron, and the water- 
coofed condensers of special add-reristing alloy or sometimes of 
^lass. Not all the nitnc acid is cemdensed, and it is necessary to 
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pass the issuing vapour through towers in which it meets a descending 
stream of dilute acid. In order to avoid decomposition of the 
nitric acid, which is perceptible even at 200®, the distillation may 
be carried out at a lower temperature by reducing the pressure. 
Nitrogen peroxide dissolved in the product can be removed by 
blowing air through it. If fuming nitric acid is required, the process 
can be carried out at a higher temperature. The ‘ still ’ method is 
now obsolescent, and will doubtless soon be abandoned altogether. 



In the laboratory fuming nitric acid is prepared by distilling con- 
centrated nitric acid with sulphur or starch, when the nitrogen 
peroxide produced by reduction will be found in the distillate. The 
commonek impurities in commercial nitric acid are hydrochloric 
and sulphuric acids. They are removed by adding silver nitrate 
and barium nitrate, filtering and distilling under reduced pressure. 

Properties. — ^At low temperatures nitric acid is a colourless solid 
which melts at —41®. Pure nitric acid cannot exist above this 
temperature, as the Uquid is slightly dissociated into nitrc^en 
pentoxide and water. It is soluble in water in all proportions and 
forms a constant-boiling mixture which boils at I20'5® and rontains 
68 per cent nitric acid as HNO3: density i'4i. "I^e acid tan be 
further concentrated by distillation under reduced pressure with 
concentrated sidphuric add, and a liquid loo-j^-cent HNO| by 
calculatum can be prepared by the addition of nitrogen pentoxide, 
but it contains free nitrogen pentoxide. The density 61 tl^ add 
is Hydrates HNO,.HjO and HNOj.sHjO have been prqared 
at low temperatures. Concentrated nitric add has a pungent 
s®ell and fumes in tihe air. 
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In aqueous solution mtric acid is a strong monobasic acid, but 
in certain non-aqueous solvents such as methyl alcohol, in which 
perchloric acid retains its stren^h, nitric acid is a weak electrolyte. 
In concentrated aqueous solution, too, it displays peculiarities; it 
is considerably associated into double_ molecules, which ionize as 
follows: H^NgOe^HgO+NOa'+NOj'. The nitronium ion NO/ 
forms salts such as the perchlorate, and is the active agent in 
nitration (p. 125), 

Nitric acid acts as a base in anhydrous HF: HNOo+HF? 

f+no;+H20. 

The oxidizing powers of nitrates are greatly dependent on the 
presence of water and on the acidity of the solution. Fuid sodium 
and potassium nitrates are very powerful oxidizing agmts, used 
in fusion mixture to bring refractory metals or minerals into solu- 
tion. The oxidizing power of the nitrate ion in neutral or alkaline 
solution is, however, very feeble, while concentrated nitric acid is 
a powerful oxidizing agent, and the fuming acid very powerful 
indeed. The concentrated acid oxidizes phosphorus to phosphoric 
acid, sulphur to sulphuric acid, and iodine to iodic acid. Hydrogen 
chloride is partially converted to chlorine and nitrosyl chloride. 
A mixture of the two acids in the proportion of one part of nitric 
acid with three parts of hydrochloric acid is a powerful solvent 
which will dissolve gold and has been known for centuries under 
the name of aqua regia. Dilute nitric acid will oxidize hydrogen 
sulphide to sulphur, and ferrous salts to ferric salts on warming. 
The bright yellow colour produced by the action of concentrated 
nitric acid on skin, hair, wood, or other organic substances is due to 
yellow nitro-compounds, e.g, picric acid. The vapour, too, has 
powerful oxidizing properties; in the vapour state nitric acid is 
partially dissociated into nitrogen dioxide, oxygen, and water: 

4HN08vi4N02+2H20+Oa, 

and at high temperatures nitrogen and oxygen make their appear- 
ance. Decomposition of the vapour, but not of the liquid phase, is 
enhanced by exposure to light. 

The reduction of nitric acid may yield, according to the circum- 
stances, nitrous or hyponitrous acids, nitrous oxide, nitric oxide, 
nitrogen dioxide, nitrogen or ammonium or hydroxylamine 
compounds. The action of the acid on metals is therefore 
highly complex, and the precise nature of the reactions which 
take place has been the object of prolonged, though somewhat 
unfruitful, controversy. Though hydrogen is extremely seldom 
produced by the action of nitric acid on a metal, yet gaseous 
hydrt^n is unaffected by nitric add, except in the vapour 
stale and in the presence of a catalyst. There is a considerable 
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difference between the reducing powers of gaseous and ' nascent ' 
hydrogen. Many metals, such as iron and nickel, become passive 
in the concentrated acid, a phenomenon which, with iron at 
least, has been traced to the formation of a film of oxide. Nitric 
oxide, nitrogen dioxide, nitrites, nitrates, and ammonium com- 
pounds are the commonest products of the action of the acid on 
metals. 

The volatility of nitric acid is comparable with that of hydro- 
chloric acid, and when chlorides are heated with nitric acid a 
balanced action takes place: 

RCl-fHNOs^RNOg-fHCl, 

the result depending on which acid is present in excess. On the 
other hand all nitrates can be completely converted to sulphates 
by ignition with excess of the much less volatile sulphuric acid. 

Nitric acid is used on the large scale in the manufacture of 
fertilizers, dyestuffs, explosives, and organic chemicals. In the 
laboratory it is used in the preparation of nitrates and nitro-com- 
pounds, as a solvent, and as an oxidizing agent. A solution of a 
dichromate in concentrated nitric acid is used for cleaning glass 
apparatus. 

Nitrates , — All the simple inorganic nitrates are soluble in water; 
they may be detected in solution by the ‘ brown ring ' test (p. 794), 
or by the white precipitate they give with ‘ nitron ' (diphenylendo- 
anilodihydrotriazole). Nitrates are often hydrated, and several 
nitrates of weak bases (e.g. aluminium nitrate) have never been 
prepared anhydrous, as hydrolysis takes place on heating. 

Nitrates are decomposed by heating. Ammonium nitrate gives 
nitrous oxide and water, the alkali-metal nitrates give oxygen and 
a nitrite, others give an oxide (or metal) and oxides of nitrogen, 
sometimes accompanied by oxygen (e.g. lead nitrate). 


Nitrogen Halides 

Sitrogen fluoride, NF3, was discovered in 1928. It is a colourless 
ga^ prepared by the electrolysis of fused ammonium hydrogen 
fluoride, NH4HF2. The liquid freezes at —210° and boils at — 119®. 
Nitrogen fluoride is quite unlike the chloride and is very stable. 
It IS insoluble in water, and unaffected by water, caustic alkali, 
glass, mercury, or magnanese dioxide, but it can be decomposed 
and hydrogen fluoride by sparking with hy(h:ogen. 
Nitopgen idiloride» NCI3, was discovered by Dulong in 1811. 

seriously injured (losing an eye and some fingers) in an 
xpiosion to which the new substance gave rise, but continued to 
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investigate it.*" Since nitrogen chloride is liable to spontaneous 
detonation, it must never be prepared, without special precautions, 
in quantities larger than a drop or two. 

It is prepared by the action of chlorine or hypochlorites on 
ammonium salt solutions at a temperature of 30° or 40®. The 
reactions are: 

NH4*+3Cl2=NCl8+3Cl'+4H* 
and 2NH4*+70Cr=NCl8+4Cr+4H20+N08',l 

but the 3deld is always poor, as decomposition into nitrogen and 
chlorine takes place. The solution must not be alkaline, or chlor- 
amine will be produced (see hydrazine, p. 403). The ammonium 
solution is the first product of the action of chlorine oh aqueous 
ammonia, so if the chlorine is in excess nitrogen chloride may be 
produced from chlorine and aqueous ammonia. 

Nitrogen chloride is sometimes called nitrogen trichloride to 
distinguish it from chlorazide (p. 408). It is a heavy yellow 
oily liquid insoluble in cold water, by which, however, it is slowly 
decomposed with formation of hypochlorous acid and ammonia: 

NCl8+3H80=NH8+3H0CL 

The hypochlorite then oxidizes the ammonia to nitrogen and 
nitric acid. With hydrochloric acid instead of water the action is: 

NCla+ 4 HCl= 3 Cl 2 t +NH4CI. 

Nitrogen chloride is a covalent compound; it is volatile, evaporating 
freely in the air, and is soluble in liquids such as benzene or carbon 
tetrachloride. Many organic substances, however, bring about 
immediate explosion into nitrogen and chlorine; sunlight and 
shock have the same effect. Tlie solutions decompose quietly 
.when exposed to light. See also chloramine (p. 402) and chlorazide 
(p. 408), 

Nitrogeu bromide has (probably) not been prepared, but a com- 
pound NBr8.6NH8 is obtained by strongly cooling a mixture of 
bromine vapour and ammonia at low pressure. Nitrogen iodide, 
Nig, was first prepared in 1931 by the action of ammonia on com- 
plex iodides. The name had previously been given to a substance 
once supposed to have the composifibn Nig, but now known to be 
^^Hglg, po^ibly NH8.NI8. It is prepared by the action of excess 
of ^iodme on ammonia in various solvents, such as aqueous iodides 
or alcohol, as a black solid insoluble in water. The moist substance 
is safe, but the d^ solid explcKles on the slightest provocation, 
forming nitrogen, iodine, and ammonium iodide. Direct sunlight 
causes explosion, but if the nitrc^en iodide is under* water it may 
decompose quietly. 
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Nitrogen Sulphides 

Ordinary nitrogen will not combine with sulphur, but nihrogen 
tetrasulphiile* N4S4, can be prepared by passing ammonia into a 
solution of sulphur dichloride in benzene: 

i6NHs+6S,C1j=N4S4+I2NH4C1 \ +4S3. 

The ammonium chloride is filtered off, and evaporation of the 
solution produces large orange crystals of the tetrasulphide, which 
can be recrystallized from benzene and further purified by sublima- 
tion under reduced pressure. The crystals are almost inodorous: 
they sublime at about 170® and decompose into the elements if 
heated to a much higher temperature: rapid heating or shock leads 
to violent explosion. Nitrogen tetrasulphide is slowly decomposed 
by water, forming ammonium salts of complex sulphur oxyacids, but 
it is soluble in many organic liquids, and freezing- and boiling-point 
measurements on these confirm the formula N4S4. 

Nitrogen pentasnlphide, N2S5, is prepared by heating the tetra- 
sulphide with carbon disulphide under pressure, and is a grey 
solid melting at ii® to form a dense red liquid. It slowly decomposes 
into sulphur and the tetrasulphide. 


The Atomic Weight of Nitrogen 

The best determinations of the atomic weight of nitrogen are 
those of Richards and his collaborators. In the 1907 experiments 
the weight of silver nitrate obtained from a known weight of silver 
was determined, and in 1909 they measured the weight of silver 
chloride obtained from a known weight of ammonium chloride. 
The atomic weights of silver and chlorine had previously been, 
determined in the same laboratory with extreme accuracy, and 
these experiments were no less successful. The original papers 
are of great interest (/. Atner, Chem. Soc., vols. 29 and 31), but here 
we shaU give only a summary of the second series of measurements. 

Ammonium cnloride was chosen because it can so easily be 
purified by sublimation. Non-volatile impurities are easily elinu- 
nated by passing pure ammonia into pure hydrochloric add in 
water, and the most obstinate impurities are amines and other 
organic compounds. They were oxidized by boili^ ammonium 
sulphate with concentrate sulphuric acid and a little potassium 
permanga^te in a Jena flask until the solution was colourless. 
After cooling, the s^t was dissolved in pure water and the ammonia 
TOven off by warmup with freely-prepared lime. It was absorbed 
by pure aqueous hydrochloric acid and the chloride recovered from 
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the solution by evaporation. All these operations were earned out 
in enclosed vessels to exclude dust, and to prevent contamination 
by burner gases all heating was electric. 

" The ammonium chloride was then purified by sublimation. This 
process is apt to introduce new errors, due to interaction with the 
glass of the vessel at the temperature employed, or excessive 
diffusion of ammonia, which is considerably lighter than hydrogen 
chloride, the other product of dissociation of the vapour. To 
avoid the first source of error only quartz vessels were used, and the 
ammonium chloride was sublimed in a stream of Wmonia to 
prevent dissociation, and to remove any free hydroran chloride 
which might be present. The ammonia was obtafiied % warming 
a saturated solution of the pure gas in calcium dilorid^ drying it 
with lime, and freeing it from solid particles by passing it through 
cotton-wool and a porcelain diaphragm. 

Ground 
^ joint 


Tubeamtdmntfsatt ofwijMng l»«Ie 

'^^^Glass hammer 
Fig. 109, The Harvard Bottling Apparatus 

A second sublimation was then carried out in the vacuum from 
a Sprengel pump. The short wide tube in which the salt had 
been collected was joined to a similar tube by a ground joint at 
one end, and the two tubes were placed in a wider tube which was 
then evacuated. By suitably placed heating coils the ammonium 
chloride was then sublimed from one tube to the other in which 
it was to be weighed. The bottling was carried out in the Harvard 
bottling apparatus, an ingenious device which makes it possible 
to weigh without difficulty substances which undergo slight changes 
of weight when exposed to the air, whether by absorption of water 
or esurbon dioxide, or by oxidation. It consists of a wide glass 
tube with a tap at both ends, a ground joint in the middle, and a 
side-tube to contain the cap of the weighing-bottle and a small 
hammer. The salt to be weighed, contained in a tube or 
, is placed in the left-hand end of the apparatus, and the 
weighing-bottle on the right. The salt can now be finally dried by 
heating it in a current of nitrogen or any suitable gas or in a vacuum, 
and by tfltmg the tube siHowed to slide into the weighing-bottle. 
The twe h then tSted so that the cap of the weighing-bottle falls 
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into position, where it is secured by a few taps from the glass 
hammer. The weighing-bottle can then be transferred from the 
apparatus to the balance, and during the whole operation the 
sdt has been protected from the air. 

The weighed ammonium chloride was then dissolved in pure 
water in a Jena flask. The water for these experiments was 
obtained by Stilling a weak solution of potassium permanganate 
(to oxidize possible organic impurities) into a platiniun condenser. 
The dilute solution of ammonium chloride was then treated with 
excess of a dilute solution of silver nitrate which had been prepared 
by dissolving pure silver in nitric acid and evaporating to dryness. 
The silver was purified by precipitation as chloride, reduction to 
the metal with invert sugar and sodium hydroxide, and fusion in 
a boat of pure lime in an atmosphere of hydrogen to avoid oxidation. 
The precipitation of silver chloride was always carried out in a 
darkened room to prevent the change which light brings about in 
this substance. 

The precipitate was brought on to a Gooch crucible and well 
washed with water. Silver chloride has a very small but neverthe- 
less perceptible solubility in water, and consequently some of it 
is carried away in the wash-water. The amount thus removed 
was allowed for by a device due to Richards called the nephelo- 
meter. The wash-water is treated with excess of a solution of 
silver nitrate, and the silver ion concentration is thereby increased 
to such an extent that the solubility-product of silver chloride is 
again exceeded and the solution becomes opalescent. By comparing 
the degree of opalescence with a number of standards derived from 
solutions of known strength, the concentration in the wash-water 
can be found and allowed for. 

The atomic weight of nitrogen from this research was found to 
be 14*008; the s5mthesis of silver nitrate gave 14*013, a difference of 
one part in two or three thousand. 



CHAPTER XIV 

OROUP O 


THE INEET GASES 

HELIUM, NEON, ARGON, KRYPTON, XENON, [RAD6n] 

He = 4*003. Atomic Number, 2 Kr = 83*80, Atomi^umber, 36 
Ne =20*183. Atomic Number, 10 Xe =131*30. AtomicWumber, 54 
A Atomic Number, 18 [Rn=222. Atomic Number, Sb] 

History* — In 1785 Cavendish caused atmospheric oj^gen and 
nitrogen to combine by means of the electric spark, added an 
excess of oxygen, and absorbed the resulting oxides of nitrogen in 
alkali. He found that however long the sparking was continued 
and however great an excess of oxygen was used, a small bubble of 
gas remained which could not be absorbed. This gas was argon, re- 
discovered only a century later, but the chemical knowledge of the 
time was not sufficient to enable Cavendish to understand fully 
the result of his experiment. , 

The matter received no further attention till 1894, when Lord 
Rayleigh observed that the density of nitrogen prepared from 
ammonium nitrite was about half of i per cent less than the 
density of the gas obtained by removing oxygen, water-vapour, 
and carbon dioxide from air. The difference, considerably greater 
than the experimental error, seemed to indicate the presence of a 
light gas in the first product or a heavy gas in the second. The 
second alternative seemed the more probable, and Rayleigh and 
Ramsay made an experiment to test it. The oxygen was removed 
from dry air with hot copper, and the nitrogen with hot magnesium, 
which combines with it to form magnesium nitride. A residual 
gas was obtained unaffected by either treatment and forming 
nearly i per cent of the original volume of air; this new gas was 
called argon, (from the Greek, meaning ' lazy,' on account of its 
reniarkable lack of chemical properties). The story of the dis- 
covery, which excited great public interest at the time and is one of 
the romances of modem chemistry, should be read in The Discovery 
of the Rare Gases, by Travers, who himself took an active part in the 
work. Ramsay's Gases of the Atmosphere should also be consulted. 

It was known that certain scarce minerals, among them cleveite, 
famished gaseous nitrogen when heated or when decomposed by 
powerful solvents, and after the discovery of argon in the air it 
was thought that it might also be found associated with the nitrogen 
from these mineral, Spectrpgoc^c examihation of the gas dis- 
closed lines which could be attribute ndittier to nitrogen nor to 
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argon, but which had been noticed in 1868 by Lockyer in the 
spectrum of the sun's corona, and had been attributed to a new 
element which he had called helium. Meanwhile the fractional 
distniation of crade liquid argon was successfully accomplished, 
and yielded besides helium three entirely new gaseous elements, 
neofit kryplon, and xenon. These are aU present in air, but in 
very smaU quantities, argon being very much more abundant than 
any of them. A litre of crude argon obtained by removing oxygen, 
nitrogen, and impurities from air contains the following volumes of 
other rare gases, in cubic millimetres: 

helium, 550; neon, 1,600; krypton, 5 (?); xenon, less than i. 

When it is remembered that a litre contains a million cubic mUli- 
metres, the enormous preponderance of argon will be realized. 
Argon itself is present in air to the extent of 0*93 per cent by 
volume, so it can scarcely be called a rare gas, since many millions 
of tons are available in the earth's atmosphere. Large quantities 
of helium have been obtained from natural gas in certain parts of 
the United States. These natural gases issue from vents in the 
ground, and may contain nearly 2 per cent of helium. 

bcdatiom — ^The best method for preparing impure argon from 
air is to remove the oxygen with hot copper and to absorb carbon 
dioxide and water with caustic alkali followed by concentrated 
sulphuric acid. The nitrogen is then removed with hot magnesium, 
leaving a residual gas consisting mostly of argon. Commercial 
oxygen which has been made by the liquid air process is also a 
convenient source of argon, of which it may contain as much as 
4 cent. Neon for discharge tubes is obtained by the fractional 
distillation of liquid air. The air is first separated by fractional 
distillation into oxygen and nitrogen, the neon and helium being 
associated with the nitrogen. Since neon boils at —246® and 
nitrogen at —195®, there is no difficulty in separating the two 
gases. Traces of nitrogen and oxygen can be removed from the 
neon by absorbing them in charcoal cooled in liquid air. The 
charcoaJ absorbs oxygen and nitrogen far more readily than it 
ab^rbs neon. Neon free from helium can be obtained, if requfred, 
by solidifying the neon with the help of liquid hydrogen at —253®, 
leaving the helium, which boils at —269®, uncondensed. 

Uml — ^A igon, carefully freed from oxygen and nitrogen, is used 
in filling a certain type of electric lamp, since certain metals used 

the filament react even with nitrogen at the veiy high tem- 
peratures reached. jSielium has bem used in the United States 
to fill afr^ips: it has the great advantage over hydrogen that it 
J^nnot be ignited. It is true that it is twice as heavy as hydrogen, 
but the lifting power of a gas depends not so much on its density 



< 00 ^ THEORETICAL AND INORGANIC CHEMISTRY 

as on the difference between its density and that of air; the lifting 
powers of hydrc^en and heb'um are nearly equal. Helium, which 
has the lowest boiling-point of any known substance — ^atout 4 “ 
above the absolute zero — ^was first liquefied by Kammerlingh 
Onnes in 1907, and solid helium, which melts at less than 1° 
absolute, has also been prepared. The liquid has been used in 
research for producing very low temperatures, and a mixture of 
helium and oxygen is sometimes supplied to deep-sea divers instead 
of air, as helium is less soluble than nitrogen in the Mood. Neon 
^ves a brilliant scarlet in the discharge tube and is mdely used 
in advertising signs. \ 

The advances in pure science which have been ma^e possible 
by the discovery of the inert gases greatly outweigh any practical 
braefits which have resulted from that discovery. The Identifica- 
tion of heliiun as a disintegration product of the atoms, first of 
radioactive and then of other elements, was made possible by 
Ramsay and Rayleigh’s discovery. Neon, too, was the first 
element to be partially separated into its isotopes. The inert gases 
are also of the greatest importance, as has already been shown, in 
the study of the periodic table, and provided the necessary clue 
to the elucidation of atomic structures. Radon, or radium emana- 
tion, is one of the inert gases, but does not, so far as is known, 
accompany them in detectable traces in the atmosphere. 

Some of the physical properties are shown in the table: 



Helium 

Neon 

Argon 

Krypton 

Xenon 

Atomic Number 

2 

10 

18 

36 

54 

Atomic Weight 

4-003 

20-183 

39*944 

83*8 

I 3 i '3 

Melting-point 

<!*» Abs. 

-249® 

^188® 

-157® 

— 112® 

Boiling-point 

4® Abs. 

-246® 

-186® 

- 158 - 

0 

0 

1 


Physical Properties of tbs Inert Gasb' 


PKvertiei. — ^Tbe inert gases are all colourless and without taste 
or smell. They are only slightly soluble in water, but argon and 
neon are nlore soluble than is nitrogen. Excluding the gaseom 
kms which occur in discharge tubes under high potentid, it is 
probably safe to say that they form no compounds. The atoms of 
the inert gases will not combine eveiiwith eadi other, and the gases 
ane monatomic at all temperatures. The solubility relations in the 
ose of ai^on, kryrpton, and xenon are bdieved to indicate the 
eSisbence of hydrates (6H,0), and thme is nothing unlikely in such 
a view, for the water molectiles mig^t be attached by a new com- 
pete ring of electrons round the inert gas atom. 



CHAPTER XV 


GROUP 1 

uthium, sodium, potassium, rubidium, caesium, francium, 

COPPER, SILVER, GOLD 

Group I occupies one of the extremities of the periodic Li 
table. The subgroups are very different in character, | 
for while Subgroup A closely resembles the two typical Na 
elements. Subgroup B has but few connections with | \ 
them. K Cu 

To show how sharply this group is divided into two 1 | 

by the properties of the elements and their compoimds, Rb Ag 

it is necessary only to quote the standard electrode | | 

potentials (here, as throughout the book, on the Cs Au 

hydrogen electrode scale) and the melting-points of ] 

the elements: Fr 

Metal Li Na K Rb Cs Cu Ag An 

Standard Potential 

(volts)— yo2 — 271 —2-92 — 2-92 —2-92 +0'52+0'8o+i-68 
Melting-point 180* 98® 64° 39® 29® 1084® 962® 1064® 

The determination of the standard potential cannot be made 
directly for the alkaU-metals (lithium to caesium) because they 
decompose water: it has been obtained by the use of dilute amalgams 
of the metals. The figures for gold and copper refer to univalent 
ions. The comparison shows that copper, silver, and gold are 
noble metals, while the alkali-metals have low melting-points and 
decompose water. Sodium, potassium, rubidium, and caesium 
crystallize in body-centred cubes, copper, silver, and gold in face- 
centred cubes. 

Francium . — ^In 1931 Papish and Wainer claimed to have 
discovered traces of element No. 87, hitherto known as eka<aesium, 
in -the mineral samarskite, which also contains the other alkali- 
metals. By fractional recrystallization of the alums the rubidium 
and caesium were collected in one part of the sample, but ^t 
this material, when examined in the X-ray spectc^aph, gave lines 
characteristic of element 87 has not been confirmed. Recently an 
element with this number (francium, Fr), having ^-ray activity and 
a half-life period of only 21 min., has been detected in the decay 
products of the a-activity of actinium: 

%^Ao-“3Fi+jHe. 

431 
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Typical Elements and Subgroup A 


The table gives some fundamental physical properties: 



Li 

Na 

. K 

Rb 

Cs 

Fr 

Atomic Number 

3 

II 

19 

37 

55 

87 

Atomic "Weight 

6-940 

22-991 

39-100 

85-48 

<32-91 

(223) 

Density of Metal 

0*59 

0-97 

0*97 

1*52 

1-89 


Atomic Volume 

12 

24 

45 

56 

\ 7 i 

— 


This is the most homogeneous of all the groups of the periodic 
table, except Group O, and the chemical properties of the elements 
and their compounds are very similar. None of them diverges 
from univalency, and they are always positive in their compounds. 
Few covalent compounds of the alkali-metals are known, but the 
ions may form covalent complexes with water of hydration. This 
is due to the fact that their atomic numbers are all one higher 
than the atomic number of an inert gas, so that the atom has a very 
great tendency (as measured by the electrode potential) to lose an 
electron and become an ion with the very stable inert-gas electron 
structure. Nearly all their salts are very soluble in water. Potas- 
sium, rubidium, and caesium have larger atomic voluthes than 
any other element, and the salts of all the alkali-metals, with one 
exception, are completely dissociated in solution. Lithium, with 
a comparatively small atomic volume, is distinguished from the 
others by a resemblance to magnesium, the second member of 
the next group, a phenomenon that occurs more than once in the 
periodic table. It is the only member of the group to form a 
nitride by direct combination; its carbonate, phosphate, and fluoride 
are only slightly soluble; its ion shows a feeble tendency to form 
complexes with ammonia; some of its salts are very soluble in 
organic solvents, and conductivity measurements show these solu- 
tions to contain undissociated ion-pairs, which perhaps occur to 
some extent in aqueous solution as well. The solid salts of lithium, 
and to a less degree sodium, show a tendency to take up water of 
crysta^ation, and the degree of hydration of the ions decreases 
from lithium to caesium, which accounts for the observation that 
the ionic mobility increases from lithium to caesium (p. i53)* 
Rubidium and caesium are chiefly distinguished from the lower 
members by their greater electropositive character and the power 
of Stenmg parhalides stable in the solid state. 

Htotofy.---^Sodium and potassium, the two most abundant 
members of the group, have been known in their compounds from 
very early times, but were first dearly distinguished by Marggraf 
in the second half of the eighteenth century. Lithium was dis- 
covered by Arfvedson in 1817. Rubidium and caesium were 
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discovered by Bunsen and Kirchhoff in i860 by the method of 
spectrum analysis: rubidium gives two conspicuous red lines and 
caesium two blue ones easily distinguished from those of other 
metals. 

Ocouxrence. — Sodium and potassium are among the most abun- 
dant metals on the earth. Only three sources of sodium need be 
considered: sodium chloride or common salt, whether from the sea 
or from mines, sodium nitrate or cliche, from Chile and Peru, and 
sodium carbonate from the deposits at Magadi and elsewhere in 
East Africa. Potassium is nearly all derived from the Stassfurt 
deposits of potassium and ma^esium salts in Germany. Both 
sodium and potassium are essential to the life of plants and animals. 
In countries where salt is scarce it is a valuable commodity, and 
has been used in savage countries as currency: animals too will 
travel many miles to obtain it. In many countries — e.g. France 
or India — salt is taxed or is a monopoly of Government ; everybody 
has to buy it and the tax is difficult to evade. Growing plants 
require potassium, and it is usually supplied to them in the form 
of manure if the soil is poor in it, but large quantities of potassium 
salts are poisonous both to animals and plants. Litliium, though 
widely diffused in very small quantities, is less common, and is 
chiefly extracted from two aluminosilicates, petalite and lepidolite, 
by fusion with barium carbonate, extraction with hydrochloric acid, 
evaporation to dhyness, and extraction of the resulting lithium 
chloride with alcohol. Rubidium and caesium are rare metals; the 
chief source of their salts is the mother liquor remaining from the 
extraction of the other alkalis. They are contained in camallite to 
the extent of about 0*02 per cent RbCl and 0*0002 per cent CsCl. 
They can be completely precipitated as silicomolybdates (together 
with a little potassium) from an acid solution of the once recrystal- 
lized camallite. The precipitate is heated in hydrogen chloride, 
when the molybdenum volatilizes as oxychloride, and the precipita- 
tion is repeated. Since practically all the caesium is precipitated 
first, and is then followed by the rabidium, the isolation of these 
elements from camallite is no longer very difficult. 

Iletals. — It is possible to prepare the alkali-metals by reducing 
their carbonates with carbon, e.g.: 

K*C08+2C«2K-f3C0 t, 

but the process has long been abandoned in favour of electrolytic 
uiethods. This is a return to the original method, fen: in 1807 
Sir Humptoy Davy obtained sodium by electrol3^g the hydroxide. 
The activi^ of the metals towards water precludes the Use of 
soluticms ioT the electrolysis, though lithiiim has been made by 
electroi3rsing a solution of lithium chloride in pyridine; The 
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hydroxide is used instead of the cheaper chloride, chiefly because 
it fuses at a far lower tempwature. Sodium, and to a less degree 
potassium, are the only alkali-metals to be produced on a large scale. 

Preparation of Sodium . — In the Castner process, fused caustic 
soda is electrolysed in an iron vessel. The negative electrode, 
consisting of an iron rod, passes up through the base and is fixed 

in position by solidhied 
Soit uttt , caustic soda.l The upper 

/ end of the \cathode is 

g TIT 1 II screened by\a cylinder 

|— gauze, im- 

l:-:?. ° mediately ab^e which 

AnolA--'!^ ^ ^ which 

..Fusei Caustic So<k the molten sodium, pro- 
duced as a result of the 
S H K-S ^ ^Cathode, electrolvsis, is collected 


^•-Solul GuisticSoda. 


Fig. iio. Castner Process for the Manu- 
facture OF Sodium 


. a '"•C^ho<k electrolysis, is collected 

h^s-' •“'"'Bf ® --Solid Caustic SotU. and protected from oxi- 

dation. The anode 
consists of a cylinder of 
Fig. iio. Castner Process for the Manu- nickel, surrounding the 
FACTURE OF SoDiuM cathodc (Fig. no). As 

the sodium collects, it is 
removed from time to time with a ladle. Hydrogen (at the cathode) 
and oxygen (at the anode) are by-products. 

In the Downs process, fused sodium chloride is electrolysed. The 
electrolysis cell is a rectangular iron tank lined with refractory 
earthenware. The anode is made of graphite, while the cathode 
consists of an iron cylinder surrounding the anode. An iron-gauze 
cylinder is placed between the anode and the cathode, to prevent 
the sodium from wandering into the neighbourhood of the chlorine. 
The cell is filled with fused sodium chloride, more of which is intro- 
duced as the electrolysis proceeds. The temperature of the elec- 
trolyte is maintained by the resistance it offers to the passage of the 
current. Tlie sodium liberated at the cathode in the molten con- 


dition floats tp the surface and runs off through a pipe. The 
chlorine set free at the anode is used immediately, or collected, 
liquefied, and stored in cylinders. — 

Properties.Tz^ the alkali-metals are soft. When scraped or 
cut with a. knife they show a bright silvery surface which rapidly 
tarnishes in the air. They are easily extruded as wire from a 
har^-press. On account of the rapidity with which they are 
attipdked both by the oxygen and by the water-vapour of the air 
they are always kept under petroleum, but this does not prevent 
the fbi^tion of a film cd oxide. In the air they can readily be 
burned* and in oxygen rubidium and caesium take fire spontaneously* 
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The metals combine with hydrogen, the halogens, sulphur, phos- 
phorus, and mercury, and lithium combines with nitrogen. 

All the alkali-metals react violently with water, forming hydrogen 
and the hydroxide, e.g.: 


2K+2H20=2K0H+Hjj t . 


The heat developed is enough to melt the metal (except lithium), 
which runs about as a globule on the surface of the water, from 
which it is separated by a cushion of steam and hydrogen. Potas- 
sium, rubidium, and caesium grow hot enough to ignite the hydrogen, 
and explosions sometimes take place. All the metals are very 
powerful reducing agents, and their action has often to be moderated 
by the use of a solution in mercury, or amalgam. Freezing-point 
measurements on these solutions have shown the alkali-metis to 
be monatomic, and the vapour is also monatomic, though sodium 
vapour contains some Nag molecules: the vapour of sodium is 
violet, that of potassium green, and that of rubidium blue. The 
electrical conductivity of the alkali-metals is exceeded only by that 
of copper, silver, and gold. 

Uses. — For some years the chief use of sodium was in the prepara- 
tion of aluminium, but aluminium is now invariably prepared by 
electrolysis. Sodium is at present used in the manufacture of sodium 
peroxide, of sodium cyanide for gold extraction, and of sodamide 
i(5r the explosives industry. It is also used in sodium lamps for 
street-lighting, and as a reducing agent in the manufacture of 
synthetic indigo. An alloy of sodium and potassium, liquid at 
ordinary temperatures, is used in the photo-electric cells essential 
in the cinema as intermediaries between speech and the photographic 
* sound-track.* The efficacy of such cells depends on the relatively 
low energy needed to release electrons from alkali-metals. 

Potassium is used in radio valves as a ‘ getter * ; that is to say, 
a fragment of the metal, inserted before the valve is sealed off, 
improves the vacuum. The silvering on the bulb is due to this 
cause. 

Hydrides. — ^When the alkali-metals are heated in a stream of 
hydrogen, white crystals of the hydride are formed: the formula 
is MH, where M is an alkali-metal atom. The hydrides liberate 
from water twice as much hydrogen as they themselves contain, e.g. : 

LiH-|-HgO=LiOH+Hgt. 


Lithium hydride therefore evolves one-quarter of its own weight 
of hydrogen, and it has been suggested that hydrogen should be 
transported in this way. They also react vigorously with the 


e.g.: 


KH-hCl,«KCl+Ha 
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The electrolysis of fused lithium hydride 3delds li thium at the 
cathode and hydrogen at the anode. The hydrogen icm in the 
fused salt must therefore be negatively charged, and has two 
electrons in association with the proton. This is one of the few 
cases in which the existence of negatively-charged hy^gen can 
be proved; the high numerical values of the electrode potentials 
of the alkali-metals would lead one to expect that in their hydrides 
the alkali-metals would be positive and the hydrogm negative, 
and this is found to be correct. The hydrides show every indication 
of possessing an ionic nature ; they have the same crystalline structure 
as the halides and are insoluble in organic solvents. Hydrogen, in 
fact, in these compounds plays the part of the halogen. \ 

Oxides. — ^The following types of oxide are known: M^O, MgOj, 
MOj, and possibly MjOa. All the alkali-metals except lithiuni 
combine with dry oxygen (unless it is ‘ Baker ’-dry, when no 
action at all takes place) at room temperature: caesium and rubi- 
dium with incandescence. The oxides produced are LijO, NojOj, 
KOf, RbOj, and CsOg, so that LijO is the only alk^-metal 
monoxide stable in air; the other alkali-metals will, however, form 
oxides of the t5rpe MjO if insufficient oxygen for complete combus- 
tion is provided. Rubidium monoxide (RbjO) is yellow and 
caesium monoxide orange; the other monoxides are white, but 
they darken on heating. Lithium monoxide can also be obtained 
by heating the carbonate; in this respect lithium is unique among 
the alkali-metals: 

Li,C0s=Li,0-i-C0i t • 

When heated in hydrogen the monoxides form the hydroxide and 
hydride; 

Li, 0 -f Hj =LiOH -f liH. 

All the alkali-metals, with the probable exception of lithium, form 
dioxides of the t3rpe MjOj, but sodium dioxide, usually called sodium 
peroxide, is the only important one. It is made on a large scale 
Isy passing sodimn on a conveyor through a tunnel at 300°, to 
which a stream of air, freed from moisture and carbon dioxide, 
is also admitted; the sodium peroxide is removed at the other 
end. It Is a pale yellow powder usually packed in metal tins, 
ai^ is a powerful oxidizing agent. It is soluble in water with 
evolution of heat; 

Na,0,-t-2Hj0^2Na0H-|-H*0,- 

It may be regarded as the disoditun salt of the excessively weak 
acid hydrof^ peroxide, and .ibs soluticms are consequently much 
hydrolysni in the amise oS the equatum above, behaving as though 
twy were aHcaline sobxtkms of hydrogen peroxide. Sudh solutions, 
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unless carefully freed from dust, are unstable and liberate oxygen, 
but do so only slowly at low temperatures; they are the best 
starting-point for the preparation of pure hydrogen peroxide. 

Paper or other easily oxidizable matter readily inflames in 
contact with sodium peroxide, which must therefore be cautiously 
handled. Under the name of ' oxone ' it is used in submarines 
and other confined spaces for regenerating the air: 

2N a202 “f“ 2 C02^^ 2N a2C/03 -j- 02. 

It may also be used in the laboratory as a source of oxygen by 
treating it with water and allowing the temperature to rise: 

2Na202+2H20=4Na0H+02 1 . 

and as a powerful oxidizing agent for decomposing insoluble silicates 
before analysing them. 

The deep-yellow or orange superoxides, MO2, formed readily by 
potassium, rubidium, and caesium, contain the ion 02**, which with 
its odd number of electrons (17) confers magnetic properties on the 
super-oxides. The faint colour of technical sodium peroxide is due 
to the presence of small amounts of superoxide, Na02. 

Hydroxides. — ^These compotmds are of the type MOH; the 
hydroxides of sodium and potassium are of great importance and 
are produced on the large scale. 


Preparation of Caustic Soda. 

I. Electrolytic Methods , — ^Two principal types ot electrolytic 
processes are used in the manufacture of caustic soda, viz. : 

{a) Those in which the 
anode and cathode 
of the cell are 
separated by a dia- 
phragm. 

Those in which a 
mercury cathode is 
used. 


( 6 ) 



In both types sodium 
chloride solution is the 
electrolyte, 

[a) The Nelson cell 
is an improvement upon 
older Hargreaves- 
Sird cell. It consists of a U-^aped vessel made of comptes^ 
^bestos, and contains the anode, which is a zx>d of graphite. The 


Fig. III. Nelson Cell for the Manufacture 
OF Caustic Soda 
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cathode consists of a steel net covering the outer surface of the 
asbestos walls, which constitute the diaphragm. The whole cell 
is enclosed in an outer case through which steam can be blown. 
The cell is supplied with brine, which is kept at a constant level by 
a self-adjusting device. The brine gradually soaks through the 
asbestos, where it undergoes electrolysis. Hydrogen and a solution 
of caustic soda are produced at the cathode, while chlojrtne appears 
at the anode and is led off, dried, and compressed into cylinders. 
The caustic soda solution is run off as required through a pipe in 
the outer case. 

Other cells of a similar kind are in use. 

(6) One of the earliest successful cells was the CaStnerVKellner, 
and this is still used in a modified form (Fig. 112). Satumted brine 


Saturated 



is fed into a large rectangular tank, along the slightly sloping floor of 
which a stream of mercury flows. The mercury is made the cathode, 
and a series of carbon plates forms the anode. The voltage used 
is about 120. On electrolysis, chlorine comes off at the anode, 
escapes through a pipe, and is used directly, or collected, dried, 
liquefied, and stored. At the cathode, the liberated sodium dis- 
solves in the mercury to form sodium amalgam. This is run off into 
a lower tank containing water, where the sodium reacts to form 
sodium hydroxide and hydrogen, and whence the mercury is re- 
circulated through the cell. The hydrogen is collected (generally 
for direct conversion into hydrogen chloride synthetically), and the 
solution of sodium hydroxide is evaporated as in the Gossage pro- 
ems. The spent brine leaving the cell is stirred up with more salt 
to saturate it again, and is then returned through the pipe shown 
Oh the right of the diagram. 

2. Promotion from Sodiim Carbonate , — Gossage's method. lo 
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this process, a lo-per-cent solution of sodium carbonate is boiled 
with lime: 

Na*C08+Ca(0H),^CaC08+2Na0H. 

The calcium carbonate is precipitated. As the action is reversible, 
the working conditions have to be carefully adjusted in order to 
get the best 5neld. The solution of caustic soda is filtered off as 
soon as test portions treated with dilute hydrochloric acid give 
no carbon dioxide, thus showing that all the sodium carbonate 
has been decomposed. It is then concentrated in specially con- 
structed vacuum evaporators, heated by steam; the remaining 
water is driven off by heating in polished cast-iron soda-pots. 
The temperature required to get rid of the last traces of water is 
above the melting-point of caustic soda; the latter is therefore 
left in the molten state and is run off and either sealed up in metal 
drums or cast into the sticks or pellets used in the laboratory. 

Expressed ionically, the action in Gossage*s process is: 

Ca(0H)24-C08";?^CaC08+20H'. 


The solubility of calcium carbonate is much less than that of calcium 
hydroxide, so the reaction goes mainly from left to right. The 

. ^ • [CaCOs] [OH']* ^ • .u 

equilibrium-constant is ' [-qq smce the con- 

centrations of the lime and calcium carbonate are a constant in 


roH'i* 

their saturated solutions, must now consider the 

[t/Us J 

effect of dilution and temperature. In a solution which has 
reached equilibrium a reduction in the carbonate concentration 
in the ratio 2 : i will only require a reduction in the hydroxide 

/- [OH']* . , , , , 

concentration in the ratio V 2 : i if the ratio is to be kept 

[CO,*] 

constant ; the efficiency of the process, which is represented by the 

roH'i 

fraction is therefore increased by dilution. This means that 

lCU8 j 

the more dilute the sodium carbonate solution with which the lime 


is treated, the better the percentage 3deld of caustic soda. On the 
other hand it is uneconomic to work the plant with very dilute 
solutions, and as usual a compromise is adopted. The heat involved 
in the change is very small, so that temperature has no marked 
effect on the equilibrium; but since a rise in temperature makes 
the reaction go faster, and consequently increases the output of 
the plant, the solutions are kept boiling and are well stirred by 
Wowing air through them. 

Caustic soda may be made by heating a mixture of sodium car- 
honate and iron ore (chiefly ferric oxide) in large cylinders, kept 
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slowly in rotation about their axis, which is horizontal, so that 
the mixture is in continual movement. The cylinders are heated 
by furnace gases streaming through them; the products are sodium 
ferrite and carbon dioxide, which escapes: 

NaaCOj+FejOa—zNaFeOa+COg f • 

The sodium ferrite is removed when cold and treated /with water 
in settling-tanks, when it produces a solution of caustic soda and 
ferric oxide, which settles to the bottom: \ 

zNaFeOg+HgO^zNaOH-f-FeaOg ^ . \ 

A disadvantage of the process is the expense of maintaining the 
plant, for the cylinders require frequent renewal. 

Purification . — If required pure, sodium and potassium hydroxides 
are recrystallized from alcohol — ^in which the salts of these metals 
are only slightly soluble — and are then said to be ' pure by 
alcohol.' The commercial samples always contain carbonate, 
derived from the carbon dioxide of the air, and may contain iron 
from the evaporating vessels. For volumetric analysis carbonate- 
free caustic soda solutions can be made by dissolving sodium in 
water from which the dissolved gases have been removed; this 
must be done in an apparatus to which the air has no access. 

Properties . — The hy^oxides of the alkali-metals are white solids, 
excee^ngly soluble in water (except lithium hydroxide, which is 
moderately soluble); the solution is accompanied by liberation of 
heat. Lithium hydroxide is the only one from which the oxide 
can be obtained by heating, and a high temperature is necessary 
before any decomposition is observed: 

2Li0H=Lia0+Ha0t* 

They are called 'caustic alkalis.' The word alkali is derived 
from an Arabic word meaning ' the ash,' since the Arabian chemists 
were acquainted with the fact that a basic substance (chiefly 
potassium carbonate) is contained in wood-ash. It was extracted 
with water and obtained by evaporating the solution, from which 
impurities had been allowed to settle. The evaporation was carried 
out in pots: hence the name ‘ potash,' from which the word 
potassium is derived. 

The hydroxides of all the alkali-metals are strong bases, fully 
dissociate in solution. Caustic soda and potash are commonly 
in the laboratory when a source of hydrox^ ions is required, 
^ in the precipitation of metallic hydroxides. They are also used 
removing carbon dioxide from air or other gas mixture— 
pc^assium hydroxide is the more suitable for this purpose, since 
tine bicarbonate {nroduced in the reaction is more soluble than 
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sodium bicarbonate ' and therefore does not so easily choke the 
tubes of the apparatus: 

K 0 H+C 0 ,=KHC 03 . 

The principal use of caustic soda in industry is the manufacture of 
soap from oils and fats; for soft soaps potash is used instead of 
soda. Caustic soda is also used in the preparation of the alizarin 
dyes, in the mercerization of cotton, and in the paper trade. It 
is a good cleansing fluid for the removal of grease, with which it 
often forms a soluble soap; for this reason the solution feels slimy 
between the fingers from the soap produced from the natural 
grease. In biological laboratories caustic soda solution is used for 
removing the flesh from skeletons of specimens: the process takes 
place rapidly in the boiling liquid. Fused caustic alkalis attack glass. 

Although the alkaline hydroxides are regarded as t 5 q)ical strong 
bases, hydrogen can under certain circumstances be liberated from 
them by metals. Fused caustic potash dissolves potassium with 
the liberation of hydrogen: 

2KOH+2K==2KoO+H, t, 

and aluminium is readily soluble in aqueous solutions of caustic 
soda, forming an aluminate and hydrogen: 

2A1+2H30+20H'=2A102'+3H2 t . 

These are reactions in which the old definition of an acid as * a 
substance containing hydrogen that can be replaced by a metal ' 
breaks down ; it is better to define an acid as ' a substance which 
yields hydrogen ions in solution.' 

Carbonates. — Sodium carbonjate is now manufactured almost 


entirely by the ammonia-soda, or Solvay process. In this pro- 
cess sodium bicarbonate is precipi- 


tated from a mixed solution of sodium 
chloride and ammonium bicarbonate, 
since it is the least soluble salt present 
in the system: 

NaCl+NH4.HC08^NH4Cl+ 

NaHCOsl. 

The mixed solution is prepared by 
saturating brine first with ammonia, 
then with carbon dioxide, and the pro- 
cess can only be successfully worked in 
such places as Cheshire where a cheap 
supply of brine is available. The 
brine trickles down a tower in which 



Fig. 1 13. Uppbr Part of 
Ammonia Absorber 


ammonia, which enters at the bottom, is made to stream through 
it by a series of serrated umbrella-shaped metal baffles called 
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‘mushrooms/ so arranged as to divide the gas into a number of 
small streams of bubbles. The gas leaves at the top, while the 
liquid, which is a mixed solution of sodium chloride and ammonium 
hydroxide, passes out at the bottom. It is nm through a number 
of settling-tanks, in which impurities are deposited, and is then 
pumped into carbonators, where it is saturated with carbon dioxide. 
These differ in different factories, and may consist of either a tower 
or a series of smaller vessels. Heat is evolved in the reaction, and 
since a rise in temperature increases the solubility of sodium bicar- 
bonate, the carbonators are cooled by streams of water. The 
carbon dioxide is obtained by heating limestone in a kilni 

CaC03=Ca04-C02 1 . 

The carbonators are so arranged that the solution leaving them 
has reached equilibrium and carries in suspension all the sodium 

bicarbonate that can be pre- 
cipitated from it. It then 
passes to the filters, which are 
made of flannel stretched on 
cylindrical frames nearly half 
submerged in the solution 
and kept in slow rotation. 
A vacuum is maintained on 
the inside, and the bicar- 
bonate sticks to the flannel 
and is removed by a scraper. 
When the filter becomes 
Fig 1 14. Filter for Sodium clogged after much use, it 
Bicarbonate be cleaned by blowing air 

through it from the inside. 

The sodium bicarbonate is heated in furnaces, and the sodium 
carbonate produced is packed in bags and sold. The carbon 
dioxide returns to the carbonators, after passing through a washer 
to recover any ammonia which may have been carried away with 
the bicarbonate, whose decomposition is represented by the 
equation: 

sNaHCOa-Na^COa+COs t f . 

The filtrate consists chiefly of a solution of ammonium chloride, 
which must not be wasted; the ammonia is recovered from it by 
adding lime and heating with steam. The lime, is derived from 
the lime-kilns, and the reaction is: 

NH/-}-0H'=NH3 t +HA 

residue of the process, or ‘ spent liquor,' is a solution of cal- 
cium chloride, for which only a very limited market was formerly 
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available, but which now has many uses. The whole process is an 
excellent example of how economy is attained in manufacture by 
recovering the intermediate substances: for that reason a simplified 
^ flow-sheet ' is shown (p. 444), on which the movements of the 
various substanc^ through the plant are represented. The raw 
materials are sodium chloride and calcium carbonate, the product 
sodium carbonate, and the waste product calcium chloride. The net 
reaction can therefore be represented by the equation: 

2NaCl+ CaC03= N ajCOg-f CaClj, 

but small amounts of ammonia lost in the process have to be made 
good. The sodium carbonate made by this process is about 
99 per cent pure, the chief impurities being sodium chloride and 
water. 

General Properties , — The carbonates of the alkali-metals are 
white crystalline solids. Lithium carbonate differs from the 
others in being only slightly soluble and in liberating carbon 
dioxide on strong heating. Sodium carbonate forms several 
hydrates; washing soda is NagCOg.ioHgO, and a hydrate, 
Na2C03.H20, is formed from washing soda in dry air by the loss 
of water. The anhydrous carbonate is used in making up solutions 
for volumetric analysis, and in gravimetric analysis insoluble 
substances are often fused with sodium carbonate (to which potas- 
sium nitrate is sometimes added to lower the melting-point), for 
the purpose of bringing them into solution. In industry, sodium 
carbonate is used in the manufacture of glass and paper, and for 
softening water: considerable quantities are also used in the manu- 
facture of washing powders, which usually consist of an intimate 
mixture of sodium carbonate and soap, to which a bleaching agent 
such as a perborate is sometimes added. 

On account of the apparent weakness of carbonic acid 
solutions of carbonates have a pronounced alkaline reaction, 
produced by hydrolysis. 

Sodium bicarbonate, or sodium hydrogen carbonate, NaHCOj, 
is a white solid, not very soluble in water, and is the direct product 
of the Solvay process. On heating, it liberates carbon dioxide: 

2NaHC03-:NaaC03+C02 f +H2O f , 
and is therefore used as a constituent of baking-powder. Its 
solutions are nearly neutral, and the substsuice is used as a medicine; 
the acid secretions of the stomach decompose it to form carbon 
dioxide, A solution of sodium bicarbonate is used to free carbon 
dioxide, prepared from marble and hydrochloric acid, from traces 
of the acid; sodium carbonate cannot be used, since its solutions 
absorb carbon dioxide: 

C03-'+C03+H30«2HC0a . 



Wasker 
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potassium carbonate cannot be made by the Solvay process, 
because potassium bicarbonate is too easily soluble in water. The 
two principal sources of the salt are (a) camallite from the Stassfurt 
deposits, and ( 6 ) beet-sugar molasses, which is mixed with lime, 
evaporated to dr3mess, charred, and extracted with water. 

In the camallite process, the camallite is first melted and then 
allowed to cool, when potassium chloride crystallizes out and is 
removed. A concentrated solution of the potassium chloride is 
made and this is mixed with hydrated magnesium carbonate. On 
passing a stream of carbon dioxide through the liquid a precipitate 
of a double salt, KHCO8.MgCO8.4H2O, is obtained: 

3(MgC08.3H80)+2KCl+C08=2{KHC03.MgC08.4H80)+MgCl8. 

This solid is removed and treated with magnesium oxide, when 
the hydrated magnesium carbonate is re-formed and potassium 
carbonate left in solution: 

2(KHC03.MgC03.4H80)+Mg0=3(MgC08.3H80)-l-K8C08. 

After filtration, the solution of potassium carbonate is evaporated 
to crystallization. 

Potassium carbonate is a white deliquescent solid which crystal- 
lizes with not more than two molecules of water of crystallization. 
It is sometimes used as a desiccating agent. ‘ Commercially 
pure * potassium carbonate is commonly known as pearl-ash. 

Chlorides. — ^^e chlorides of the alkali-metals are white solids 
with the general formula MCI; they are soluble in water. All the 
halides of the alkali-metals have the sodium chloride structure, 
except the chloride, bromide, and iodide of caesium, which have a 
body-centred lattice. Witih the exception of lithium and perhaps 
sodium chloride, none of the alkali-metal chlorides forms hydrates. 
The solubility of sodium chloride in water is only slightly affected 
by change of temperature, whereas the other chlorides are all 
much more soluble in hot water than in cold. 

Sodium chloride, NaCl, common salt, or simply ‘ salt,* occurs 
in the sea and in enormous subterranean deposits in Austria (Salzburg 
means ‘ salt town '), Spain, Poland, Siberia, and other parts of 
the world. In Great Britain the principal salt mines are in Cheshire 
and at Droitwich. The salt is now generally obtamed from th^ 
mines by allowing water to penetrate into the galleries and pumping 
it out as brine when it is nearly saturated with salt. The p!i^)ortion 
of sodium chloride in sea-water varies considerably in different 
parts, The Baltic and the Black Sea contain less tlm i per cent, 
the Atlantic Ocean rather more, the Dead Sea about 9 per cent, 
together with 9 per cent magnesium chloride, and the Salt Lake 
of Utah more still. Large quantities of sodium chloride are 
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extracted from sea-water in either very cold or very sunny climates. 
In very cold countries such as Russia the water is removed by 
freezing, leaving concentrated brine from which the salt can be 
obtained by evaporation ; in sunny climates, such as that of southern 
France, the water is evaporated by the sim's heat. The predomi- 
nance of sodium chloride over potassium chloride in sea-water is 
partly due to the fact that the potassium salt is much more readily 
adsorbed into the soil. I 

At 10® a saturated solution contains 35-8 gm. salt per 100 gm. 
water. In the laboratory sodium chloride is purified by passing 
hydrogen chloride gas into a saturated solution; this precipitates 
most of the salt and leaves the impurities in the solution. The 
action of the hydrogen chloride is twofold: in additidn to the 
common ion effect on the solubility it withdraws water for 
the hydration of the hydrogen and chlorine ions. 

Salt is slightly hygroscopic, and has a tendency to form lumps. 
This is prevented in some table salts by the addition of small 
quantities of calcium phosphate, made by heating bones; salt 
treated in this way remains in fine grains and ‘ runs ' better than 
the pure substance. 

Sodium chloride, and sodium nitrate from the South American 
caliche deposits, are the largest sources of sodium compounds. 
Sodium chloride is also used as a source of chlorine and hydrochloric 
acid. 

Potassium chloride, KCl, was formerly obtained from sea-water, 
but the chief source is now the Stassfurt deposit in Germany, 
supposed to be the remains of an inland sea. Among other salts 
the stratified deposits contain an immense layer of camallite, 
KCl.MgCl2.6H2O, from which potassium chloride of varying states 
of purity is prepared by a series of crystallizations and washings. 
In properties it resembles sodium chloride; it is less soluble than 
sodium chloride in cold water (31*0 gm. per 100 gm. water at 10®), 
but more soluble in hot water. 

Lithium chloride, LiCl, differs from the other alkali-metal chlorides 
in being quite soluble in such organic liquids as the lower alcohols, 
phenol, acetone, glycerol, and p3nidine. Examination of these 
solutions by conductivity and otherHiethods shows them to contain 
complex ions and probably imdissociated molecules. On evapora- 
tion to dryness in air, an aqueous solution of lithium chloride leaves 
a slightly alkaline residue: 

LiQ+H^Ox^IiOH-f HCl f , 

and this hydrolysis indicates that lithium hydroxide is perhaps not 
a completely dnaociated base. This reaction does not take place 
with the other alkali-metal halides. 
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Rubidium and Caesium chlorides, RbCl and CsCl. — ^These chlorides 
resemble those of sodium and potassium, but they have the remark- 
able property, possessed also by the bromide and iodide of these 
two elements, of forming additive compounds with the halogens, 
such as CSICI2 and CsIClBr. Caesium dichloriodide, CsICl^, is 
an orange salt obtained by treating caesium chloride solutions with 
iodine and chlorine. On heating, it decomposes into caesium 
chloride and iodine monochloride, which appears to indicate that 
it is a double salt of these substances with a formula CsCLICl, but 
it is now proved that it contains a complex anion, IClg', analogous 
to Is' (see pp. 200 and 757). 

BromideB. — These are white crystalline compoimds of the general 
formula MBr, and can be prepared by the direct union of the 
elements. It is, however, more usual to dissolve bromine in a 
solution of the hydroxide, to evaporate to dryness, and then to 
heat strongly, sometimes with the addition of charcoal. The 
changes which take place with caustic potash are: 

3Br,+6K0H=5KBr+KBr03+3HA 
2KBr0s=2KBr+302 f , or KBr03+3C==:KBr+3C0 f . 

The residue is then once more evaporated with hydrobromic acid 
to convert any unchanged caustic alkali to bromide. 

Potassiian bromide is used as a soporific in medicine and in fairly 
large quantities in the preparation of silver bromide for photo- 
graphic purposes. 

Iodides* — ^These salts resemble the bromides, and can be prepared 
by a similar method, but the potassium iodide of commerce is 
made by neutralizing hydrogen iodide with potassium carbonate. 
The hydrogen iodide is prepared by the hydrolysis of a solution of 
ferrous iodide, obtained by shakixig up iodine with iron filings and 
water. The solution is neutralized with potassium cartMuate^ 
filtered from ferrous hydroxide and concentrated until the 
potassium iodide crystallizes out. The chemical changes in this 
process are: 

Fe+2l=Fe ’+21'. 

Fe-+C 0 s"+H« 0 =Fe( 0 H )3 4. +CO, f . 

Potassium iodide prepared by this process sometimes contains 
carbonate as an impurity. 

All the alkali-metal iodides are extremely soluble. Even at o* 
they all dissolve in less than their own weight of water, and they 
^6 also fairly soluble in some organic solvents, lithium iodide 
usually having the greatest solubility. Potassium iodide is much 
used in analysis. The yellow colour of solutions which have been 
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left open to the air is due to the liberation of traces of iodine by 
oxygen and carbon dioxide : 

C 02 +H 20 -->H 2 C 03 ^H +HC 03 ^ 4l^+02+4H*5=2l2+2H20. 

Flaorides. — ^The fluorides of the alkali-metals are prepared by 
treating the hydroxide or carbonate with hydrofluoric acid. Since 
hydrofluoric acid is not a very strong acid, solutions [of fluorides 
have an alkaline reaction and contain the free acid; they therefore 
etch glass. Lithium fluoride is nearly insoluble in water nnd sodium 
fluoride is sparingly soluble. The addition of hydro^n fluoride 
to the solutions much increases the solubility; this^ is because acid 
salts such as NaHEg (* Fremy's salts *) are formed which are more 
soluble than the normal salts. The acid fluorides ionize in solution 
into M* and HF2' (for the structure of HFg' see p. 367). On heating 
they decompose into the normal salt and hydrogen fluoride: 

KHF2=KF+HFt. 

Fluorine was first obtained by the electrolysis of potassium hydrogen 
fluoride dissolved in anhydrous liquid hydrogen fluoride (p. 268). 

Potassium fluosilicate (or silicofluoride), KgSiEj, is made from fluo- 
silidc acid, H^SiF^, and caustic potash, and is used in estimating 
potassium, as it is only very slightly soluble in water. 

OhlocateiBi. — Potassium chlorate is prepared by the electrolysis 
of a warm, concentrated, and faintiy acidified solution of potassium 
chloride, without a diaphragm. The total effect of the process is: 

Cl'+3H20=C103'+3Ha, 

but this result is achieved by distinct stages, only the first of which 
is electrochemical, as explained on p. 740. To obtain the maximum 
yield of chlorate from the quantity of electricity passed, wasteful 
release of gaseous oxygen at the anode must be avoided, and this 
electrode must be of platinum, which has a high oxygen over-voltage. 
Seduction at the cathode must also be prevented, by the presence in 
the electrolyte of small amounts of dissolved chromate or chchromate, 
which upon initial reduction form a protective film on the cathode. 

In another process chlorine is pass^ into hot lime: 

3Cl2+60H'=5Cr+C103'+3H20, 

as above, and potassium chlorate is precipitated by adding excess 
of i^tassit^ chloride and cooling the solution with refrigerators. 

the solubility of potassium chlorate increases very rapidly 
with the tCTaperatoe, the salt can without dfficulty be purified 
by reaystaffintm for this reason it is more oft^ usra than 
mSsmfk ihkraie. It is used in the dye hidustry m an oxidizing 
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agent, in the manufacture of matches and explosives, and as a 
disinfectant. In the laboratory it is the commonest source of 
oxygen gas. On heating, it first decomposes into potassium 
perchlorate, which then liberates all its oxygen: 

4KC10,=3KC104+KC1 and KC104=KCl+20, f • 

All the alkali-metal chlorates are soluble in water. Lithium 
chlorate is among the most soluble of all known salts: the solution 
saturated at room temperature has a density of i-8 and contains 
about seventy-five parts of the salt to twenty-five of water. 

PercbloratM. — ^The perchlorates, such as sodium perchlorate, 
NaC104, are obtained by electrolysing chlorate solutions at normal 
temperature. Potassium perchlorate is used in explosives, and is 
remarkable as being one of the few potassium salts nearly insoluble 
in cold water {i*o8 gm. per loo gm. water at lo®). Potassium can 
be separated in this way from sodium: to decrease the solubility 
alcohol is added to the solution, which must be kept cold, as the salt 
is very soluble in hot water. Lithium perchlorate was used by 
Richards and Willard in the determination of the atomic weights 
of lithium and chlorine from the reaction: 

LiCl-f HC 104 =LiC 104 -hHCl t . 

Bromates. — The bromates of the alkali-metals are all soluble in 
water. The method of preparation from halogen and caustic 
alkali is similar to that of the iodates. On heating they liberate 
oxygen more easily than the chlorates: 

2KBr08=2KBr-f 3O2 1 • 

Iodates. — Sodium iodate, NalOj, accompanies sodium nitrate in 
South American caliche to the extent of about 0*3 per cent, and this 
compound is the source of most of the iodine of commerce. It 
accumulates in the mother liquors left from the crystallization of 
the sodium nitrate, and is directly converted to iodine without 
previous isolation (p. 748). Potassium iodate is obtained by re- 
crystallization from caustic potash to which iodine has been aaded: 

6K0H+3l8=KI0,-h5KI+3H80. 

It is a salt which can easily be obtained in a high degree of purity, 
and is increasingly used in volumetric analysis. The fusion of 
pure ^tasdum iodate is one of the best methods of preparing 
potassium iodide free from alkali. 

Nitrates. — Sodium nitrate, NaNO^, occurs in intense deports 
in desert areas.of Chile and Peru, and until recent ye^ was prac*- 
tically tjie only source of combined nitrogen for chemical manureSi 
with the exception of some ammonium nitrate from the gas-works^ 
The suptmnacy of the Chile nitrate industry is now serious^ 
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threatened by the development of methods of ' fixing ' the nitrogen 
of the air, Le. causing it to combine either with hydrogen or oxygen. 
South American crude sodium nitrate is called caliche or * Chile 
saltpetre/ 

The caliche is broken up, brought into solution by boiling with 
water, and recrystallized; the product contains about 95 per cent 
of sodium nitrate and is shipped in bags. About 80 Mr cent of 
the production (which reaches nearly three million tons ter annum) 
is applied directly to the soil as a fertilizer; some threeAauarters of 
the remainder is used for making nitric acid, and most of the residue 
for making potassium nitrate. \ 

Potassium nitrate is made by boiling mixed saturated solutions 
of sodium nitrate and potassium chloride. At this teihperature 
sodium chloride is much less soluble than potassium chloride, and 
is consequently deposited, leaving potassium nitrate in solution: 

NaNO,+KCMNaCl| +KN 08 . 

Potassium nitrate is also a product of the bacterial oxidation of 
decayed animal refuse in the presence of wood-ashes, which contain 
potassium carbonate, and potassium nitrate produced in this 
way is extracted from the soil of India and Ceylon. It is used 
in the manufacture of gunpowder and fireworks, for which the 
hygroscopic nature of sodium nitrate makes it unsuitable. 

On strong heating, the nitrates of the alkali-metals lose oxygen 
and are converted to nitrites: 

zNaNOg—zNaNOjj+O, t • 

The solids are occasionally used as oxidizing agents. 

Nitrites. — Sodium nitrite, NaNO^, is prepared on the large scale 
by the action of synthetic oxides of nitrogen (p. 41 1) on caustic 
soda,. It can also be prepared, as above, by heating sodium nitrate. 
It is used in the diazotization of amines for the manufacture of 
dyestuffs. 

Jlitrides* — ^Lithium is the only alkali-metal to form a nitride by 
combination with ordinary nitrogen; in this as in other respects it 
resembles magnesium. The nitride is made by heating lithium 
in nitrogen: 

eLi+Nj^zXiaN. 

and is decomposed by water to form lithium hydroxide and 
ammonia: 

Li,N+ 4 H« 0 = 3 Li 0 H-fNH 40 H. 

jPlKMQ^hfdies.— The phosphates of the alkali-metals, except lithium 
phmphixte, lijP04, are soluble in water, and can be prepared by the 
acf^B of phosphoric acid on the hydroxide or carbonate. By 
vai^iBg tte proportion of acid to base, trisodium phosphate, 
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Na8P04.i2H20, disodium hydrogen phosphaU, Na2HP04.i2H20, and 
sodium dihydrogen phosphate, NaH2P04.Ha0, can all be obtained. 
The ionization of soluble phosphates and the behaviour of hydrogen 
phosphates on heating are discussed on p. 629. Sodium ammonium 
hydrogen phosphate, NaNH4HP04, once called ' microscomic salt * 
because it is found in the urine of man, the ' microcosm," is made 
from disodium hydrogen phosphate and ammonium chloride, and 
pelds sodium metaphosphate and ammonia on heating: 

NaNH4HP04=NaP02+NH8 \ +H2O f . 

Sulphates. — Sodium sulphate, or salt-cake, Na2S04, was formerly 
obtained in the now obsolete Leblanc process for the manufacture 
of sodium carbonate. The use of sodium sulphate for making glass, 
in place of the sodium carbonate previously used, gave much-needed 
support to the Leblanc process, and the first part of this process — 
the manufacture of sodium sulphate — continues to be worked 
even now that the Solvay process has driven Leblanc soda from 
the market. It consists in heating salt with .concentrated sulphuric 
acid in conditions that give the bisulphate, and then heating the 
bisulphate and unchanged salt on the hearth of a reverberatory 
furnace, when 

NaHS04+NaCl=Na2S04+HCl f . 

The solubility of sodium sulphate and its hydrates has already 
been dealt with in Chapter IV (p. 130). The decahydrate, 
Na2S04.ioH20, is known as Glauber’s salt, and is used as a 
purgative. Potassium sulphate crystallizes anhydrous; it is used 
as a fertilizer. 

When sodium salts are heated with concentrated sulphuric acid, 
sodium bisulphate, or (better) sodium hydrogen sulphate, is the 
first product: 

NaCl+H2S04=NaHS04+HCl t . 

On further heating, some decomposes into the normal sulphate and 
sulphuric acid: 

2NaHS04=Na2S04+H2S04 f , 
while some loses water to form sodium pyrosulphate: 

2NaHS04=Na2S207+H20 f . 

Sodium hydrogen sulphate in solution gives rise.to the ions Na*, H', 
SO4'', and some HSO4' : its solutions have therefore an acid reaction. 

Sulphites. — Sodium sulphite, Na2S02.7H20, is made on the large 
scale by the action of sulphur dioxide on caustic soda, and under 
the name of " antichlor ' is used for removing chlorine from sub- 
stances which have been chlorine-bleached: 

S0a^+Cl2+H20=S04"+2HCL 
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By the continued action of sulphur dioxide^ caustic soda is converted 
to sodium hydrogen sulphite (‘ sodium bisulphite '), NaHSO^: 
0H'+S0,==HS03'. 

Zhiosalidiates. — Sodium thiosulphate, NajSjOg.sHjO, wrongly 
called * sodium hjrposulphite ’ (whence the photographers* name 
' hypo '), is made from the still imexhausted waste of the Leblanc 
process, which contains calcium sulphide, by exposing it to the air, 
whereby the sulphide is oxidized to thiosulphate. Tme mass is 
then extracted with water and sodium carbonate is acned to the 
solution; calcium carbonate is precipitated and sodium thiosulphate 
remains in solution: 

CaS,0a+Na,C08=CaC0a | +NaaSj08. 

Sodium thiosulphate is a reducing agent used in the volumetric 
analysis of iodine (p. 691), and, like sodium sulphite, to remove 
chlorine from bleached goods: 

SA"+ 4 Cl 2 + 5 HaO= 2 S 04 "+ 8 Cr+ioH\ 

Its use in photography depends on its power of dissolving silver salts 
insoluble in water: silver forms a complex ion, AgSaO,', as follows: 
AgCl+Sa08"=AgSA'+Cr. 

Sulldbddes. — Sodium sulphide, NaaS.gHaO, is made on the large 
scale for use in the dye industry by heating a mixture of sodium 
sulphate and coal, and extracting the product with water: 
NaaS 04 + 4 C=Na 2 S+ 4 C 0 f . 

The crystals cannot be dehydrated without decomposition, as 
hydrogen sulphide is a weak acid, and hydrolysis takes place: 
NaaS+2HaO==2NaOH+HaS f . 

Ihe anhydrous compound can be made by the union of the elements. 

The hydrolysis of sulphide solutions proceeds to such an extent 
that mort of {he sulphide ions are converted to hydrosulphide ions: 

S^+HVHS'; 

the solutions have consequently a strong alkaline reaction. They 
can also be prepared by passing hydrogen sulphide into caustic soda: 
HaS+OH'=HS'+HaO. 

The pure hydrosulphides of the aTkali-metals can be made by 
passing hydmgen sulphide into alcohol in which the alkali-metal 
h^ dissolved; 

2C.Ha.0H+2Na«2CaH4.0Na+Ha f . 
HjS+CtHa.ONa^NaHS \ 

The hydrosulphide is predpitated as a colourless powder. 

All sulphide solutions wul dissolve sulphur to form polysulphides 



GROUP I 453 

Cyanides. — Large quantities of sodium and potassium cyanides 
are used in electroplating and in the extraction of gold. The 
cyanide gold-extraction process was introduced by M'Arthur and 
Forrest in 1887, smd the demand for cyanide occasioned by it 
created the sodium industry, since sodium cyanide is usually made 
from metallic sodium. The two most important processes are: 

(i) Sodium ferrocyanide is fused with sodium in covered iron 
crucibles, and the mass is filtered, while still molten, from the 
iron produced: 

Na4Fe(CN) e+2Na=6NaCN+Fe. 

(ii) Wood charcoal and sodium are treated with dry ammonia 
at 600®, and the product is then heated to 800®. The net 
result is expressed by the equation: 

2Na+2C+2NHa=2NaCN+3H2 f • 

All cyanides are highly poisonous. Hydrogen cyanide is a weak 
acid, and all cyanide solutions are hydrolysed and have an alkaline 
reaction; the moist salts smell of hydro^n cyanide. The killing- 
bottles used by butterfly collectors contain solid potassium cyanide, 
and the hydrogen cyanide vapour produced by the moisture of 
the air inside the bottle is enough to kill any captives. 

In the laboratory, sodium cyanide is largely used in the produc- 
tion of complex ions with various metals, such as copper, gold, or 
nickel. Its industrial uses are also based on this property. It is 
also used as a reducing agent, as the change from cyanide to cyanate 
takes place easily: 

CN'+O-OCN'. 

Thiocyanates. — ^These compounds are made by heating the 
alkali-metal cyanide with sulphur, e.g. : 

KCN+S-KSCN. 

In commerce, thiocyanates are aU made from ammonium thio- 
cyanate, which is a by-product of coal-gas manufacture. The 
alkali-metal thiocyanates are colourless compounds soluble in 
water; in the laboratory they are used in volumetric analysis. 

Other compound of sodium and potassium are described in later 
chapters: see the Index. 

Detection and Analysis. — ^The alkali-metals are detected by the 
colours which their salts — ^preferably the chlorides — ^give to the 
non-luminous flame of the Bunsen burner: lithium, red; sodium, 
yellow; potassium, violet; rubidium, red; caesium, blue. The 
deduction must be confirmed by negative tests for other metals. 

The complete separation of the alkali-metals is a matter of great 
diflSculty, oh account of their v^ similar properties and the 
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scarcity of insoluble salts. Lithium can be separated from the 
others by the solubility of its chloride in organic solvents or the 
insolubility of the fluoride, carbonate, or phosphate in water. 
Potassium can best be freed from sodium by precipitating it as 
the fluosilicate or the chloroplatinate, KaPtClg, or by recrystal- 
lizing the perchlorate. Rubidium and caesium are separated from 
the other alkali-metals and from each other by the silicpmolybdate 
process already described. I 

Hie alkali-metals can be weighed as sulphates, biy they are 
more often analysed volumetrically in solutions of thei: chlorides 
or carbonates. ; 


Subgroup B 
Copper, Silver, Gold 


The table shows some fundamental physical properties: 



Cu 

Ag 

Au 

Atomic Number 

29 

47 

79 

Atomic Weight 

^ 3*54 

107*880 

1970 

Density of Metal 

8*95 

10*5 

19*3 

Atomic Volume 

7*1 

10*3 

10*2 

Melting-point 

T084® 

962® 

1064® 

Standard Potential (volts) 

-f-o-52 (Cu->Cu’) 
-}-o-34 (Cu-»-Cu**) 

-l-o*8o 

-f 1*68 (Au- ►Au' 


Copper, silver, and gold are noble metals, eminently malleable 
and ductile, with high melting-points, and resemble the alkali- 
metals only in their power of forming salts in which they are 
univalent. In most other respects they are widely different. They 
are the best three conductors of electricity, and on account of 
their permanence are also very widely used in coinage and in 
electroplating. 

The principal valencies are: 

Copper: one (unstable), and two (stable). 

Silver: one, and two (unstable). 

Gold: one, and three (stable-only in complexes). 

The univalent ions of all these elements are probably colourless ; 
the hydrated cupric ion is blue, and the auric ion scarcely has any 
independent existence. In its bivalent compounds copper bears 
some resemblance to its ndghbours on either s^e — ^nickel and zinc— 
particulaily in its tendency to form comidexes, a tendency that 
decreases in the order cobalt, nickel, copper, zinc. 

CoppCT, sflver," and gold all form staMe complex ions with 
Knmocmia cyanides, and chlorides, though the silver chloride 
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complex is a good deal less stable than the others. The mono- 
chloride, monobromide, and monoiodide of copper, silver, and gold 
are all insoluble in water. 


Copper 

Cu=63*54. Atomic Number, 29 

History. — The extraction of copper from its ores was one of the 
principal triumphs of early civilization. So far as our information 
goes, this important metallurgical operation was first carried out 
in Egypti for the oldest known copper objects (needles and rivet- 
like pins) were discovered in pre-dynastic tombs in that country, 
dating from the fifth millennium before Christ. By the time of 
the New Empire (3000-2550 b.c.) the extraction of copper had 
become a regular industry, and a few centuries later an Egyptian 
poet wrote thus of a coppersmith: 

/ saw the smith at his work. 

Standing before the vent of hts oven. 

His fingers were like crocodile-skin. 

He stank worse than fish-roe. 

In Sumer and in Asia Minor, knowledge of the simple metallurgy 
of copper was widespread four thousand years before the Christian 
era, while copper weapons and toilet articles belonging to the 
Early Minoan Age (3000-2000 B.c.) have been excavated at the 
palace of Knossos, in Crete. 

Greeks and Romans of the classical age obtained copper largely 
Irom the island of Cyprus, whence the name aes Cyprium, or ' brass 
of Cyprus,’ modified later into simple cuprum. Bronze was 
probably a later discovery than copper, and was doubtless acci- 
dentally produced by the unobserved presence of tin ore in the 
copper ore. When, however, its composition was elucidated, it 
was prepared deliberately and was usually preferred to copper on 
account of its greater hardness and greater resistance to corrosion. 
Finally it so far displaced pure copper as to give its name to the 
Bronze Age of civilization. 

Occomnoe.— In small quantities, copper is almost universally 
distributed in nature; thus it exists in traces in most soils and 
ioodstuEs, in human blood, and even in seaweed. Native copper 
occurs in many districts, particularly near Lake Superior, where 
boulders weighing over four hundred tons have been discovered. 
The principal ores of copper are: cuprite or ‘ red copper ore,* 
CujO; dkstkopyriU or copper pyrites, CuFeS*; c^pet glome m 
chakocUe, Cu^S; atacamtie, a basic chloride, CuCl 2 . 3 CJu(OH)j; 
mlachUe, a basic carbonate, Cu(0H)j.CuC08; azuriie, a difCerent 
basic carbonate, Cu{0H)^2CuC08; and chrysoaiih, the iflicate, 
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CuSi03.2H|0. The chief copper-producing regions are; United 
States, Chile, Japan, Mexico, Rhodesia, Canada, Belgian Congo 
Peru, Spain, Portugal, Germany. 

IMxairtion* — ^A. Oxide and carbonate ores are mixed with a 
flux and powdered coke and reduced in a reverberatory furnace: 

Cu20+C==2Cu+C0. j 

B. By far the greater portion of the metal is, however, extracted 
fnnri;,^ sulphuretted * ores, and the treatment is considerably more 
ji^pltiited. Typical procedure is as follows: \ 

' (i) The ore is first crushed and then concentrated by differentia] 
oH flotation, which eliminates the silica and much of the iron, and 
leaves a ' concentrate ' rich in copper. This method has largely 
replaced the older concentration by levigation. 

(2) The concentrates are then roasted, to remove arsenic and 
antimony, which are almost always present in the sulphuretted 
ores. A good deal of the sulphur is removed at the same time. 

(3) The roasted ore is next smelted in a furnace, forming a 
mixture of cuprous sulphide and ferrous sulphide: 

2CuFeS2+02=Cu2S+2FeS-t-S02. 

This mixture is known as * copper-matte or ‘ coarse-metal.' 

{4) The matte is again smelted, this time with coke and sand 
(or some other siliceous flux), in a reverberatory furnace, when the 
silica carries off the iron as a fusible slag of iron silicate. The 
impure cuprous sulphide that remains as a fused mass beneath 
the slag is known as ‘ blue-metal,' * pimple-metal,' or * fine-metal/ 
according to the amount of iron left in it. ‘ Blue-metal ' and 
' pimple-metal are subjected to a further smelti^, to bring them 
up to the purity of * fine-metal ' (about 75 per cefit Cu). 

(5) The ' fine-metal ' is heated on the hearth of a reverberatory 
furnace with free access of air, or in a Pierce and Smith basic 
converter lined with magnesite, through which hot air can be 
Uown. Part of the cuprous sidphide is converted into cuprous 
oxide, which then reacts with the remainder of the sulphide to 
form copper and sulphur dioxide: 

2CU2S -hsOj— 2Cu,0+ aSOj. 


aCujO+CujS^fiCu-l-SOj. 

tL^ mass of copper cools it gives up the sulphur dioxide that 
dissolved (or contained) in it; the formation of these bubbles of 
^^^«^the copper makes the latter appear to be covered with 
and it is therefore called ' blister-copper/ It contains about 
per cent Cu. 

i 6 ) The bUst^HX>pper still contains some 3 to 5 per cent of sulphur, 
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iron, arsenic, antimony, lead, and other impurities, as well as a 
little silver and gold — ^whkh are often present in sufficient quantity 
to be worth extracting (see next paragraph). It is run off from 
the hearth or converter while still molten, and is cast into blocks 
to serve as anodes for the electrolytic refining process. If the 
copper is not to be refined, it is melted in a furnace, and stirred up 
vrith iron stirrers while a blast of hot air is blown over the surface. 
In this way, most of the impurities are converted into a slag, whidi 
rises to the top and may be skimmed off. To reconvert into copper 
the cuprous oxide formed in the process (up to 6 per cent), thd 
molten metal is again stirred, this time with poles of green wood 
(‘ poling *). ‘ Poling ' is a tricky operation and calk for con- 
siderable experience and skill, since if it is continued too long the 
copper absorbs gases and becomes porous and brittle, while if it is 
not continued long enough the impurities are not sufficiently 
removed. Properly ‘ poled ' copper may be used for conversion 
into tubes, etc., but as formerly produced was not pure enough for 
electrical work. The product of a new process for the treatment 
of Rhodesian copper can however compete with electrol3rtically 
refined metal. 

(7) Electrolytic Refining . — ^The blocks of blister-copper are made 
anodes in electrol5rtic ceUs containing an electrolyte of copier sul- 
phate solution acidified with about 12-15 per cent of sulphuric acid. 
The cathodes are thin sheets of pure copper, and the cell is main- 
tained at a temperature of approximately 50®; the electrolyte is 
kept in c(mstant but steady motion, to ensure uniformity of con- 
centration. The theory of the process is discussed on p. 266. 

C. The so-called ‘ hydrometallurgical process ’ is widely used 
for extracting copper from low-grade ores, of which vast supplies 
are available in Spain and other countries. The crushed ore is 
piled into enormous heaps — ^running into millions of tons — and is 
allowed to weather in the presence of water; if the rainfall is in- 
sufficient, water is added artificially. After a period of some 
twelve months, the copper will have become converted into copper 
sulphate, which remains in solution. The solution is run off into 
concrete pans and the copper is precipitated by addition of scrap 
iron. The crude copper so obtained is refined as in method B above. 

Note. — ^The almost complete elimination of impurities from 
copper is exceedingly important if it is to be used for electrical 
purposes, since the electrical conductivity is much reduced by 
traces of foreign substances ; thus 0-02 per cent of phosphorus reduces 
if by 30 per cent. As a matter of fact, the best copper manufactured 
t<Hky is so pure that its conductivity is over 100 per centl — 
paradox to be explained the fact that, at the time the standard 
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was made, the purest copper obtainable was distinctly less pure 
than the best specimens now on the market. 

Ums and Alloys. — Copper is used in very large quantities in the 
electrical industry, in coinage, in electroplating, in the manufacture 
of kettles, pans, and other domestic appliances, and in the manu- 
facture of a wide series of important alloys. j 


Alloy 

Bell-metal 

Brass 

Bronze 

Delta metal 

German silver 

Monel metal 

Phosphor-bronze 

Constantan 

Maiiganin 

Aluminium bronze 

Former British ‘silver* coinage 


Approximate Commsition {pet 
cent hy weiM) 

8 0 Cu, 20 Sn 
70-80 Cu, 30-20 Zn 
80-90 Cu, 20-10 Sn 
55-60 Cu, 41-38 Zn, 4-i, Fe 
60 Cu, 20 Ni, 20 Zn 

27 Cu, 68 Ni, 2-3 Fe; Mn, etc., traces 
99*5 Bronze; 0-5 P 
60 Cu, 40 Ni 

81 Cu, 17 Mn, 2 Ni 

88 Cu, 8 Al, 4 Mn and Fe 
40 Cu, 50 Ag, 5 Ni, 5 Zn 


Properties. — Copper is a rosy-pink metal, very malleable and 
ductile. Its technical importance is due to its high electrical 
conductivity, in which it is only slightly surpassed by silver; to 
the ease with which it can be manipulated, and to its resistance to 
corrosion, particularly when suitably alloyed with other metals. 
Freezing-jxjint measurements on copper amalgams show the copper 
contained in them to be monatomic. The vapour is green and 
probably monatomic. 

Copper is stable in dry air at ordinary temperatures, but in 
moist air it is slowly converted to verdigris, a basic carbonate, 
whose green colour is so familiar on bronze monuments and on 
copper roofs. For reasons which will be explained, copper dissolves 
sBghtly in water containing traces of ammonium sdts or chlorides, 
and can often be detected in water distilled in a copper still; it is 
on account of this solubility that ships are usually sheathed not 
with pure copper but with brass. _ 

Copper will not liberate hydrogen from acids in normal circuin- 
stances, and will dissolve only in oxidizing acids and those in 
mdiicb it can form complex ions. It reacts vigorously with nitric 
add, dilute or concentrated, to form nitric oxide and nitrogen 
peroxide: 

3Cu+8HN08«3Cn(N0,)*+4H20+2N0 1 
Cu-f4HN08«Cu(N0*)8+2Hp+2N0, f , 

Md with hot cCTcentrated sulphunc add (the dilute add has no 
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action) to form sulphur dioxide and a mixture of copper sulphate 
and copper sulphides. The black colour of the liquid is due to the 
presence of cuprous sulphide. Copper will also dissolve very slowly 
in hot concentrated hydrochloric acid containing dissolved air; 
chloric acid, on the other hand, dissolves it with rapidity. It will 
also dissolve in aqueous ammonia in a current of air. 

The Equilibrium between Copper and Copper Ions. — Copper 
is one of the noble metals, and is slowly deposited from solutions 
containing cupric ions when hydrogen is bubbled through them; 
for this reason it will not dissolve in acid solutions unless the anion 
is an oxidizing agent. The standard electrode potentials of the 
changes Cu-->-Cu** and Cu-^-Cu* are, respectively, +0*34 and +0*52 
volts; while the change Cu**“>Cu* has a standard potential of —0*16 
volts (see p. 259). The affinity of the change from cupric to cuprous 
ions is thus negative unless the cuprous ion concentration is ex- 
ceedingly small. Consequently the reversible change Cu'~>Cu'* 
-f electron usually goes to the right, but if the cuprous ion concen- 
tration is very small it will move to the left. The nature of the 
anion is the controlling factor; in the presence of reducing agents 
cupric salt will be unstable if any anion is present which forms 
(i) an insoluble cuprous salt or (2) a very stable complex cuprous 
ion, since in either case the cuprous ion concentration will be 
reduced to a very low figure. Cuprous salts can therefore only 
exist in contact with water if they are either insoluble or combined 
in a complex, and this is amply borne out by experience. Moreover, 
the affinity of the change Cu’*+Cu->2Cu’ is negative at ordinary 
concentrations, so that cuprous salts can be made from cupric 
solutions and metallic copper only if the cuprous ion concentration 
is reduced by insolubility or complex formation. These considera- 
tions indicate that it is easier to oxidize copper to the cupric state 
than to the cuprous state in aqueous conditions. 

Somewhat similar considerations apply to the univalent salts 
of both gold and silver. The more easily the anion is discharged, 
the greater will be the tendency for the metal ion to be deposited 
as metal. The potential values given on p. 254 show ^t the 
reaction Ag+I~=Ag+I tends to move to the right, i.e. silver ion 
spontaneously oxidizes iodide ion. Thus silver iodide is only sav^ 
from decomposition by its extreme insolubility in water. In this 
connection it is of interest to note that silver iodide below 146^ 
possesses a covalent, non-ionic cr5^tal structure similar to that of 
the cuprous halides. Above 146^ the crystal has marked electrolytic 
conductivity, the current carriers being exclusively silver ions. The 
electrode potential of gold is much greater than that of silver, 
?^id aurous iodide is decomposed by warm water into gold and 
iodine. 
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The insolubility of the monochlorides, bromides, and iodides of 
copper, silver, and gold is therefore highly significant; in more 
concentrated solutions these compounds could not exist. 

Complex Copper Ions.— Copper is remarkable for the ease with 
which it forms a number of stable complex ions. In this respect 
it resembles its neighbours nickel and cobalt, and, to a less degree, 
zinc. Since the complexes play a very important | part in the 
chemistry of copper solutions, it will be well to cc^nsider them 
together. 

Cupric Ion Complexes , — ^The formula weight of copier sulphate 
in solution, as determined by freezing-point meas^ements, is 
abnormally high, while the transport numbers vary considerably 
with the concentration. Both these observations indicate the 
formation of complexes containing copper and sulphate ions 
combined in proportions at present imknown. Solutions of cupric 
chloride have been more fully investigated and show a similar 
type of auto-complex formation. The copper may actually have 
a negative transport number (p. 202) in concentrated solutions, 
and the colour of the solution also depends on the concentration- 
dilute solutions are blue, concentrated solutions green. It is 
therefore supposed that solutions of cupric chloride contain both 
undissociated molecules and also complex ions, probably CUCI4", 
and that the complex ions or the molecules are yellow, while the 
simple ions are blue ; the green colour of concentrated solutions is 
then due to the presence of both blue and yellow forms. The 
continued addition of hydrochloric acid, which increases the 
chloride ion concentration and hence reduces the proportion of 
simple cupric ions, should therefore turn the blue solutions green, 
and finally yellow, as in fact occurs. 

There can be little doubt that this simple explanation is incom- 
plete, for the number of molecules of water associated with the 
various ions almost certainly affects the colour. The effect of 
l^ydrogen chloride may be due as much to its power of removing 
water for 4 ts own hydration, and hence increasing the effective 
concentration of the solution, as to the mass-action effect of its 
chloride ions. Thus the green and blue colours have been attributed 
to cupric ions — or even cupric chloride molecules — in different 
states of hydration. This hypothesis alone is, however, incapable 
of explaining the existence of negative transport numbers, and it 
is probable that both complex-formation and hydration come into 
|day to an extent which has not yet been exactly determined. The 
^fKtent should compare this behaviour with the still more striking 
caisie of cobalt chloride. 

Wksm ammoxfia is added to a solution containing cupric ions, 
the precipitate of cupric hydroxide at first produced readily dis- 
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solves in excess of ammonia with the formation of the familiar 
splendid deep blue solution. This solution contains (CU.4NH8)** 
ions, as has been sho^ by distribution measurements of ammonia 
between cupric solutions and organic solvents, but in the presence 
of a large excess of ammonia, ions containing a larger proportion of 
it may be produced. It requires less than four gram-molecules of 
ammonia to dissolve one gram-molecule of cupric hydroxide, and it 
has been shown that in the presence of excess of cupric hydroxide 
some of it is present in colloidal solution. There is ako some 
evidence for the existence of (CU.2NH3)” ions under these conditions. 

Some of these blue solutions will dissolve cellulose (e.g. cotton or 
filter-paper), first oxidizing it to oxyceUulose — a property that has 
been made use of in a process for the manufacture of cuprammonium 
rayon. The cellulose is precipitated by squirting the solution 
through fine holes into a weakly acid bath, and the thin threads, as 
they issue from the holes, are twisted together while still in the bath, 
sixteen or twenty-four at a time, to make a * silk ' thread. 

Cupric ions also form complexes with numerous hydroxyl-con- 
taining organic substances. Thus a cupric solution will give no 
precipitate with caustic soda containing a tartrate (sodium potas- 
sium tartrate, which has a neutral reaction, is commonly used), the 
solution merely becoming deep blue. The solution thus prepared 
is called Feeling's solution, used as a test for organic reducing 
agents and in the estimation of reducing sugars. Cuprous ions do 
not form these organic complexes, so that if Fehling's solution is 
reduced, cuprous oxide is produced as a red precipitate, but the 
cupric ion must be held in soliition as a complex or it would itself 
be precipitated by the alkali. The complex ion has a double 
negative charge and is probably ‘ chelate ' (p. 350) with the structure ; 


0 -— CO OC — O OH— CH— HCOH "1 

I 


OHCH— CH- 


-dH '^O- 


-CO OC— 0 - 


Cuprm$ Ion Complexes . — ^The scarcely soluble salt captious 
chloride, CuCl, dissolves very much better in chloride solufions 
^an in water, and solul^ty measur^ents show that the formulae 
ci the com|dexes fomwd are CuC!,' and CuCt,*. Cuprous idrknide 
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is usually dissolved either in hydrochloric acid or in ammonia, with 
which the cuprous ions form a complex. The most important 
complex cuprous ion is perhaps the cuprocyanide, Cu(CN)3'', which 
is remarkable for its extreme stability, the equilibrium-constant 
rCu*l fCNH® 

rr /At\ 4 “ being about 5Xio~28. if a cyanide is added to a 
[t.u(L.JN;3 J j 

solution containing cupnc ions cyanogen is evolved and cuprous 
cyanide precipitated, unless there is a sufficient excess of cyanide 
to dissolve it: \ 

2Cu*+ 4CN'=C2N5 t +2CuCN I . CuCN+2CN'4cu(CN)3^ 
By the addition of cyanides cupric ions can without ^ifl&culty be 
removed from their ammonia complexes. 

The extremely low concentration of copper ions in equilibrium 
with cyanides makes it possible to dissolve the metal in hydrogen 
cyanide solutions; if they are hot, hydrogen is briskly evolved: 

2Cu4-2H‘-^2Cu*-f Hj 5 t followed by Cu +3CN'->Cu(CN)3^ 
The remarkable nature of this experiment will be appreciated when 
it is remembered that copper is a noble metal which will not liberate 
hydrogen from strong acids, and that the hydrogen ion concentra- 
tion of hydrogen cyanide solutions is very small, on account of the 
weakness of hydrogen cyanide (dissociation-constant 7 X io~^®). In 
order to give a positive affinity to the change 2Cu-f-2H‘->-2Cu*-f Hg, 
the concentration of cuprous ion must be reduced to an exceedingly 
low figure, and this can be done by adding cyanides in considerable 
excess. For the same reason copper will deposit zinc from cyanide 
solutions, and if a large excess of cyanide is added to the electrcdyte 
of a Daniell cell the direction of the E.M.F. is reversed. 

In spite of its very low solubility, cuprous sulphide cannot be 
precipitated from copper solutions containing excess of cyanide. 
This fact is used in the separation of copper and cadmium, for 
cadmium sulphide can be quantitatively precipitated from such 
solutions Mdth ammonia and ammonium sulphide. 

Electroplating with copper is usually carried out in a bath 
containing the cyanide complex, with the object, as explained on 
p. 268, of reducing the concentration of the metal ion. 

Oxides. — ^The two most important oxides of copper are cuprous 
oxide, CU2O, and cupric oxide, CuO. 

CapfOtiB oaide, CugO, is obtained from Fehling's solution (p. 461) 
by r^udng it with grape-sugar in the manner already described. 
It can be obtained pure by carefully heating dry cupric oxide in a 
curfent of dry sulphur dioxide: 

; 3Cu0+S02=CuS04+Cu*0. 

The copper sulphate is extracted with wato, leaving pure cuprous 
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oxide. If the sulphate is heated excessively it loses sulphur 
trioxide and the cuprous oxide will be contaminated with cupric 

oxide. 

Cuprous oxide is a red powder insoluble in water. It dissolves 
in acids to form cuprous salts, but these are stable only if they form 
complex ions with the anion of the acid. Otherwise copper is 
deposited (it may react with the acid, if the acid is an oxidizing 
agent) and cupric ions are formed. Thus, with hydrochloric acid, 
cuprous chloride is produced: 

Cu20+2H’=2Cu*+H 20 and Cu'+2Cr=CuCl2' (also CuClj,*'), 
but with sulphuric acid, cupric sulphate and copper are formed: 
Cu20“|-2H =Cu -|-Cu ^ ”|-H20, 

and with nitric acid, cupric nitrate is obtained, but the copper is 
oxidized by the acid with the liberation of nitric oxide. 

Cupric oxide, CuO, is made by heating copper in air, or more 
convenient^ by heating cupric nitrate: 

2Cu{N08)2=2Cu 0+4N02 t +O 2 1 • 

(This is the effective equation. The reaction is actually more 
complex.) It is a black hygroscopic substance which dissolves in 
acids forming cupric salts. If strongly heated it gives up some of 
its oxygen and is converted to cuprous oxide, and is much used in 
organic analysis for oxidizing the carbon and hydrogen of organic 
compounds to carbon dioxide and water. It can easily be reduced 
to the metal by heating in hydrogen. 

Copper poNXXide, CuOg, associated with varying amounts of water, 
can be made by treating solutions of cupric ^ts with hydrogen 
peroxide : 

Cu’+HgOjf^CuOgl +2K. 

It is insoluble in water, and is a strong oxidizing agent. 

HYDROxiDES.-~Cupric hydroxide, Cu(OH)2, is precipitated, mixed 
with basic salts, as a blue gelatinous substance when a caustic 
alkali is added to a solution containing cupric ions. If the solution 
ib boiled the precipitate turns black, and has then the composition 
4CUO.H2O. 

Cuprous Salts. — The conditions in which cuprous salts are 
stable have already been discussed. 

It was formerly suggested that copper is bivalent in the cuprous 
salts, and that the cuprous ion is a complex produced by the union 
a cupric ion with a copper atom (compare the mercurous salts, 
P- 509): 

Cu-+Cu^(Cu2)-\ 

The evidence on this point is decisive, and there appears to be 
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no doubt that true cuprous ions, Cu*, do exist m solution. The 
chief evidence for the double ion theory was as follows: 

(i) The vapour density of cuprous chloride shows it to exist in 
the form of double molecules, CU2CI2, even at 1600°. Cuprous 
iodide, however, exists in single molecules at 1000®. 

(ii) In some organic solvents the molecular weighi of cuprous 
compounds has been shown by freezing-point measurements 
to be double ; in others, however, it is single. \ 

(iii) The analogy with mercury, which is certainly \bivalent in 

the mercurous compounds. j 

On the other hand, 

(i) if copper forms no univalent compounds it is the only 
element of Group I not to do so; 

(ii) the existence of even one well-authenticated instance of 
single molecules in organic solvents proves that univalent 
copper can exist, and there are several such instances; 

(iii) it has been shown from a study of the equilibrium between 
Cu’, Cu”, and metallic copper that the expressipn (Cu* )/ 
(Cu’)* is nearly constant. This is to be expected if the 
equUibrium is zCu’^Cu-fCu”, but cannot be reconciled 
with (Cuj ‘)v^Cu-|-Cu” (cf. p. 510). 

The costal structure of the cuprous halides resembles that of zinc 
sulphide, and is therefore non-ionic. 

The salts with the anions of weak acids are all insoluble in water. 
The remaining salts are decomposed by water unless they form 
complexes. 

Cupious chloride, CuCl, is prepared by boiling a solution of 
cupric chloride in hydrochloric acid with copper turnings; 

Cu”-fCu+4Cr=2CuCl2' (and CuCV), 
or by reducing the solution with sulphur dioxide: 

2Cu -|-S02*i“^D!20-f-4Cl^==S04^-|-4H -|-2CuCl2^ (and CuCl8 )• 

The solution is poured into water^rom which the air has been 
removed by boiling; on dilution the hydrochloric acid will no longer 
take up so much cuprous chloride and the complexes CUCI2' and 
CuCV ^ partially broken down. Cuprous chloride is therefore 
prj^pitated. 

i^^uprous chloride is colourk^, insoluble in water but soluble 
01: Oduoride solutions (usually hydrochloric acid) and in ammonia. 

contact with water and air it turns green with the formation 01 
l^idc cupric chloride, CuCl2.Cu(OH)2. Ammoniacal solutions ot 
cuprous chloride are used in gas analysis for absorbing carbon 
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monoxide, which with cuprous chloride forms the colourless Com- 
pound CuCLCO.HgO. With acetylene, ammoniacal solutions of 
cuprous chloride deposit the feebly explosive substance cuprous 
dcctylidct 0u2G2* 

Cuprous chloride is slowly hydrolysed by air-free water with 
the production of cuprous oxide and hydrochloric acid, particularly 
if the acid is removed as soon as it is formed (as when the cuprous 
chloride is washed) : 

2 CuC 1 +H 20 =Cu 20 4. 4-2HCL 
With boiling water, copper and cupric chloride are formed: 

2CuCl->CuCl2+Cu \ . 

Caprous iodide, Cul, is precipitated when solutions containing 
cupric and iodide ions are mixed, iodine being liberated simul- 
taneously: 

2Cu" +4l'-^2CuI I +I2- 

This is one of the examples of the spontaneous production of an 
insoluble cuprous salt from cupric ions. A similar reaction does 
not occur with cupric chloride because a higher potential is required 
to discharge chloride ions as chlorine than iodide ions as iodine* 
The reaction affords a convenient method for the volumetric 
analysis of cupric solutions. Excess of an iodide is added and the 
iodine liberated is titrated against thiosulphate. The reaction is 
to a slight extent reversible, and to make it go to completion it is 
best to add to the mixture a little potassium thiocyanate, which 
forms the very insoluble cuprous thiocyanate with any cuprous 
ions which may have remained in solution. 

Oaproos sul^de, CU2S, is formed, together with cupric sulphide, 
when copper and sulphur are heated together, and can ako be 
obtained by passing hydrogen sulphide through a solution of cuprous 
chloride in hydrocUoric acid. It is insoluble in water. 

Cuprous cyanide, CuCN. — ^The preparation of this substance 
from solutions containing cupric ana cyanide ions has already been 
alluded to. 

Cuprous tiiiooyanate, CuSCN, is an insoluble substance prepared 
ia the same way from cupric solutions and thio^anates; but in 
order to accelerate the decomposition of the cupric thiocyanate, a 
reducing agent such as sulphur dioxide is usually add^ to the 
solution. 

Cuprous iulidiate^ CU2SO4, has been made from cuprous oxide 
and methyl sulphate: 

Cu,0+(CHa)2S04«Cu2S04+(CH3)40* 

Water must be rigorously excluded during the reaction* The 
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sulphate is colourless. It is more soluble in water than cuprous 
chloride, and consequently much more rapidly decomposed by 
water. An ammoniacal solution of cuprous sulphate can, however, 
be prepared in which the cuprous ion is combined with ammonia. 
It rapidly absorbs oxygen if exposed to the air. 

OvLVtooB nitrate, CuNOj, exists only in the form/ of complex 
salts, e.g. with acetonitrile, or thiourea. 

Cupric Salts. \ 

Cupric chloride, CuClg, is made by dissolving the oxide\ hydroxide, 
or carbonate in hydrochloric acid and evaporating the' solution to 
crystallization. (The action of chlorine on copper 3neld$ a mixture 
of cuprous and cupric chlorides.) The anhydrous salt can be 
obtained from the hydrate CUCI2.2H2O by warming it gently in a 
current of dry hydrogen chloride, to prevent hydrolysis. If the 
temperature rises too high the salt dissociates into cuprous chloride 
and chlorine: 

2CuCl2=2CuCl+Cl2 1 • 

The anhydrous salt is yellowish-brown and deliquescent ; the colour 
of its aqueous solutions has already been discussed (p. 460). With 
ammonia cupric chloride forms compounds, CuClg.zNHa, CUCI2.4NH3, 
CuCla.6NH3, in accordance with the rule that complex ions existing 
in solution usually have their counterpart in the solid state. 

Cupric bromide, CuBrg, resembles the chloride. 

Cupric iodide has never been prepared. As we have adready seen, 
it could not exist in contact with water. 

OapnQ carbonate. — The normal carbonate has never been pre- 
pared, but a green mineral with the composition CuCO3.Cu(0H)2 
is well known under the name of malachite. The precipitates 
obtained from carbonate solutions and cupric solutions are either 
basic carbonates or double carbonates such as CuCOj.NagCOg. 
The basic and double carbonates of copper easily lose carbon 
dioxide on heating. 

Cupric sulphide, CuS, is a brown or black substance precipitated 
from cig)ric solutions by hydrogen sulphide or ammonium sulphide. 
It is very insoluble in water, and- will not dissolve in ‘ yellow 
ammonium sulphide.' On strong heating, it decomposes into cuprous 
sulphide and sulphur, but if air is present cupiic sulphate is formed. 

Chqpedc sul^iate, ' blue vitriol,' CUSO4.5H8O, is the commonest 
compound of copper. It is made on the large scale by blowing air 
through a hot mixture of copper scrap or copper turnings with 
<^ute sulphuric acid: 

^ aCu+4H‘+02«2Cu '-f 2 H 2 O. 

It icomes into commerce in large blue crystals. 
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On heating, it can be successively converted into the monohyiraie 
CUSO4.H2O and the anhydrous salt CuSO^, a white powder* In 
the presence of water the white powder becomes blue from formation 
of the pentahydrate. It is used as a test for water, and also in 
the dehydration of su^ substances as the alcohols. On strong 
heating, it decomposes into cupric oxide and sulphur trioxide: 

CuS04==Cu0+S03 1 . 

Copper sulphate is very poisonous, especially to the lower forms 
of plant life, and is used in spraying mixtures to kill the fungus 
which causes potato disease, and to spray vines. The spraying 
mixtures usually contain lime (‘ Bordeaux mixture ') or sodium 
carbonate. Copper sulphate is the usual source of copper for 
copper-plating. 

TThe anhydrous salt forms a number of compounds with ammonia. 

Cupric nitrate^ Cu(N03)2.3H20, is obtained by crystallization 
from solutions of the oxide, hydroxide, or carbonate in nitric acid. 
It cannot easily be obtained anhydrous, as on heating the hydrate 
hydrolysis takes place. The hydrate is a blue deliquescent substance 
soluble in water. 

Cupric ferrocyanide, Cu2Fe(CN)8, is obtained as a chocolate- 
coloured gelatinous precipitate when cupric solutions are mixed 
with ferrocyanide solutions. It has been used in the preparation 
of semi-permeable membranes for experiments on osmotic pressure 
(P- 134)- 

Detection and Estimation of Copper. — Cupnc solutions are 
recognized by their colour and by the deep blue solution produced 
on the addition of ammonia in excess. As was first recorded by 
Jabir ibn Hayyan, copper compounds give a bluish-green colour to 
the colourless Bunsen flame. The reaction with potassium iodide 
solution is also characteristic. Copper can be estimated gravi- 
metrically as the sulphide or oxide, volumetrically with potassium 
iodide and sodium thiosulphate, or electrically by deposition as 
metal on a weighed cathode, ColorimetricaJly, it may be determined 
by means of sodium ^ethyl-dithio-carbamate, which produces a 
btown colour when added to alkaline solutions containing traces of 
copper. 


Silver 

Ag==i07-88o. Atomic Number, 47 

Since silver occurs native, and is also e^ily extracted 
^rom its ores, it has been known since very ancient times, Durii^ 
the Old Empire {3000-2500 b.c.) silver was scarce amd tpstly in 
^Sypti where it was known as ‘ white gold,' and whither it seems 
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to have been imported from Asia. Later on, however, it was 
produced in greater abundance, and its relative value to gold sank 
to about I to 10 or i to 13; it will be remembered that in the time 
of Solomon silver was held in little account. The process of 
cupellation (p. 469) is mentioned by Pliny (first century a.d.), 
and the ‘ parting * of gold and silver by means of nitric acid is 
described by Moslem chemists of the thuieenth cent^. Among 
the alchemists, silver was astrologically connected with the moon, 
and was thus frequently designated Luna, and symbolized by the 
lunar crescent. A relic of this doctrine is to be fqund in the 
apothecaries* name for silver nitrate — lunar caustic. 

Occurrence. — Native silver does not occur in sufficiei^t quantity 
to be an important source of the metal, though masses weighing 
up to three-quarters of a ton have occasionally been discovered. 
The principal ores are argentite, AgjS; pyrargyrite, sAgaS.SbgSj; 
stephanite, sAggS.SbaSg; and dyscrasite, AggSb; but large quantities 
of silver are also extracted from argentiferous lead and copper 
ores — ^thus galena invariably contains silver, the proportion of 
which may reach some thirteen pounds per ton. The principal 
silver-producing countries are (in order of output) : Mexico, United 
States, Canada, and Peru. 

Extraction. — ^The chief processes at present in use for the extrac- 
tion of silver are: 

(i) The cyanide process. 

(ii) The desilverization of lead. 

A third process, depending upon the formation of an amalgam 
of silver with mercury, is now nearly, if not quite, obsolete. 

Cyanide Process. — ^The silver ore is first stamped and ground to 
an impalpable powder. This is then treated for some hours with 
sodium cyanide solution, air being blown through the liquid, which 
is contained in a special ‘ agitating-vat.* The object of the air 
}$ to convert the sodium sulphide, formed as a result of the re- 
actions between the silver sulphide and the sodium cyanide, into 
sodium sulphate. This ensures closer approach to completion of 
the reaction: 

AgaS-l-4CN'^2Ag(CN)/+S". 

The solution of sodium argentocyanide is then treated with zinc 
(car aluminium) dust or shavings, when metallic silver is precipitated. 

Desilverization of Lead. — ^In the extraction of lead from galena, 
the lead carries all the silver with it. To extract the silver, the 
le^-silv^ alloy must first be concentrated, an operation usually 
cairfcd out by either Pattinsok's process or Parkes's process. 
^tt»ison*s process impends upon the fact that when argentiferous 
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lead is aEowed to solidify, the crystals that separate first consist of 
piire lead; removal of tim lead results in an alloy richer in silver. 
Repetition of the operation finally yields an alloy containing about 
I per cent of silver. This is then subjected to cupellation (see below). 

parkes's process, now almost exclusively used, is based upon the 
facts (i) that molten zinc and molten lead are nearly immiscible, 
and (2) that silver is much more soluble in zinc than in lead (the 
distribution coefficient at 800® is about 300). Hence, when zinc is 
added to molten argentiferous lead, most of the silver forms an 
alloy with the zinc. This alloy floats on the surface of the molten 
lead, and, on cooling, solidifies before the latter. It is skimmed off, 
the zinc is removed by distillation from plumbago retorts, and the 
residual alloy of silver with a little lead is then cupelled. If neces- 
sary, the desilverizing process can be carried out two or three times, 
and the residual lead may then contain as little as 0*0005 per 
cent of silver. 

Poor silver ores are sometimes mixed with lead ores, in order 
that the metal may be extracted as above. 

Cupellation , — ^The enriched silver-lead alloy resulting from 
Parkes's process or Pattinson's process is melted in a shallow 
hearth or * test * made of bone-ash (calcium phosphate), or, more 
usujdly, cement. A current of air is blown on to the molten metal, 
when the lead is oxidized to litharge, which is absorbed by the 
bone-ash: 

2 Pb+Oa=2PbO. 

When the lead has all been oxidized away, a bright surface of 
shining metallic silver suddenly appears, marking the end of the 
operation. 

Refinement of Silver . — ^The silver obtained by careful cupellation 
is pure enough for most purposes, though if it contains gold this is 
removed from it by ' parting ' with nitric acid or sulphuric acid 
(see p. 473). Richards and Wells obtained very pure silver by 
the method described below. 

Uses* — Silver is used in coinage and in the manufacture of table- 
wkre and ornaments. Since the pure metal is rather soft, it is 
generally alloyed with copper, of which the old British coinage silver 
contained 7*5 per cent. Silver crucibles are occasionally used in 
the lalx>ratory for the fusion of the caustic alkalis, which attack 
most other metals. During a temporary fall in price, the use of 
silver for containers of adds and other corrosive liquids extended 
to industry* 

Compounds of silver are used in photography, in making marking** 
mk, and in volumetric analysis. 

Pi0p6C^,_Silver is a white metal which will take a high polisb 
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and has been used in making mirrors. Silver vapour is blue, and 
vapour-density measurements show it to be monatomic. 

Silver is a t5T)ical noble metal, and as it forms only one series of 
stable salts its chemistry is simpler than that of either copper or 
gold. Silver is unaffected by pure air but tarnishes in air containing 
traces of hydrogen sulphide, always found in tovms from the 
burning of coal; the black substance formed is siwer sulphide. 
Silver egg-spoons rapidly become black for a simUarlreason — eggs 
contain combined sulphur. Like copper, silver will dissolve only 
in acids which oxidize it or form complexes with it. \ With nitric 
acid it gives silver nitrate and nitrogen oxides, an4 with hot concen- 
trated sulphuric acid, sulphur dioxide and the insoluble compound 
silver sulphate; dilute sulphuric acid has no action. llydrochloric 
acid has only a very slight action. 

Silver can be made in a state of very great purity. It is preci- 
pitated from a solution of pure silver nitrate with an organic re- 
ducing agent (sugar), and the product is fused in a boat made of 
pure quicklime. By this process Richards and Wells were able 
to prepare a metal for atomic weight determinations with a purity 
of 99*999 per cent. The fusion must be carried out in hydrogen or 
in a vacuum, for molten silver absorbs considerable quantities of 
oxygen, which are given out on cooling; the evolution of gas is 
called ‘ spitting,' and leaves marks on the surface of silver which 
has been melted in air. 

Complex Silver Ions. — Silver resembles copper in the formation of 
stable complexes with anunonia, cyanides, and, to a less degree, 
chlorides; it also forms complexes with sulphites and thiosulphates 
(p. 691). 

The ammonia complex, which has the formula (Ag.zNHj) , is 
used in qualitative analysis in distinguishing between the chloride, 
bromide, and iodide of silva:, for ammonia in ordinary concentra- 
tions dissolves the chloride readily, the bromide with difficulty, and 
the iodide scarcely at aU. The action in each case is the same, e.g.: 

AgCl-f-2NH3«(Ag.2NH3)-+Cr, 

and the difference in behaviour is due to the different solubility 
products of the three compounds, which are approximately as 
fcdiows: 

CAg‘] [aO^zxio-^. [Ag*] [BrO=4Xio-“ [Ag'] [I']=io-“. 
Tlie dissociation of the complex ion is controlled' by the equation: 

^^^[^^=7X10“*, and it can be shown without difficulty 

tikat the obsm^ facts are in agreement with calculation. Sinw 
tiw solt^iSsty product of silver sulphide, is about lO" • 
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it is obvious that silver sulphide can be precipitated Irom am- 
moniacal solutions of any concentration. 

The cyanide complex is exceedingly stable, and exists in two 
forms, ^(CN),' and Ag(CN),"'. The latter is produced in solutions 
containing a lirge excess of cyanide, and removes all but a very 
few silver ions from the solution, as can be seen from the very low 

rCN'l* 

value of the dissociation-constant, Solutions 

[Ag(CN)jT 

of cyanides will therefore dissolve all the insoluble salts of silver — 
even silver sulphide if they are sufficiently concentrated — and 
silver-cleaning powders are sometimes found to contain potassium 
cyanide, a most undesirable ingredient. Cyanide solutions are 
used in the wet extraction process for silver, and in silver-plating 
baths to reduce the concentration of silver ion. 

The complex chloride ion, probably AgCl^' or AgCl,*', is much less 
stable than those just discussed, but it causes a noticeable solubility 
of silver chloride in chloride solutions which must be guarded 
against in analysis. 

Oxides. — ^A^entous oxide, AggO, is precipitated as a brown or 
black substance when caustic alkalis are added to silver solutions: 


2Ag‘-f20H'=Ag20 1 +H 2 O. 

If ammonia is used the oxide easily dissolves in excess of ammonia, 
and the resulting solution is used as a test for reducing agents, 
which precipitate silver as a black precipitate, a mirror on the side 
of the vessel, or a colloidal solution of varying colour: 

Ag'-felectron-^Ag j . 

Silver oxide is easily decomposed by heat into the metal and 
oxygen. No hydroxide is known. The ammoniacal solution, 
when oxidized by the air, deposits a black explosive substance 
called ‘ fulminating silver,' believed to be silver nitride, AggN. 

Argentic oxide, AgO, precipitated from silver solutions by ozone 
or persulphates, is black, unstable, and a strong oxidizing agent which 
will convert ammonia to nitrogen. 

Silver Salts. — ^All the salts that silver forms with the anions 
of weak acids are insoluble or only slightly soluble in water [compare 
copper), and so are ttie halides, except the fluoride, a phencanenon 
which has already been discussed on p. 459. The sulphate also is 
only slightly soluble, so the only common soluble salts are the 
nitrate, chlorate, perdhlorate, and fluoride, though with ammonia, 
or cyanides solutkms can easily be obtained contain^ sflwr in 
the form of ions. The insolubility of the silver mSis of 

organic adds is often made use of in organic chemistry. 

Sifter 08 Kb(mate» AgsCOa, ft a pale yellow substance preci|fltated 
Q 
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whm ammoniax^al silver solutions are treated with carbon dioxide. 
It is readily decomposed on heating, first into silver oxide and theii 
into silver. 

Silver nitrate> AgNOa, 'lunar caustic,' is the commonest com- 
pound of silver, and is made from silver and nitric acid. A solution 
of silver nitrate is used as marking-ink, since it is reduc^ to metallic 
silver (black in the finely-divided form) by organic matter, and the 
silver precipitated in the fibres of the material cannot be washed 
out. For the same reason silver nitrate solutions colour the skin 
black. ‘ 1 

Silver Halides, AgCl, AgBr, Agl, are precipitated ip.s white or 
pale yellow precipitates when silver solutions are n(ixed with 
solutions of the corresponding halide. As already mentioned, they 
are all insoluble in water, but are soluble in suitable complex- 
forming reagents. They are often precipitated in the colloidal 
form but can usually be coagulated by shaking or boiling. They 
all grow darker on exposure to light, a phenomenon which is used 
in photography and which, as has been explained on p. 274, is 
due to the formation of metallic silver. The solid halides all combine 
with ammonia to form compounds such as 2AgC1.3NHg. 

Aigentous fluoride, AgF, is remarkable as being the only silver 
halide soluble in water. The bright yellow anhydrous salt and the 
colourless hydrate, AgF.2H20, are both extremely deliquescent. 
Owing to hydrolysis a black precipitate of mixed metal and oxide 
separates from the hot aqueous solution. 

Ai^enfiic fluoride, AgF 2, is obtained as a dark-coloured solid by 
heating silver chloride in fluorine. With water oxygen is released 
and argentous fluoride formed. The strong magnetic properties 
reveal the presence of Ag which unlike Ag‘, has an odd number 
of electrons. 

Silver sulphate, Ag2S04, is obtained by precipitating silver solu- 
tions with excess of sulphuric add. It is only slightly soluble in 
water (about i per cent at room temperature). 

Silv^ ndphite, AggSOg, is insoluble, but readily dissolves in 
sulphite solutions, forming the complex ion AgSOg'. 

ffilver sulphide, AggS, is a very in&oluble black substance produced 
whm silver solutions are mixed with sulphides. When heated m 
air, it forms silver and sulphur dioxide : 

Ag2S-f-02=2Ag-l-S02 t • 

^ ' ^ ttioeyamte, AgSCN, is very insoluble, a fact which is 
isiade use of in; VotHARD's titration of silver nitrate agafest am- 
fhiocyanate. 1116 solubUity-product, iO“«, is considerawy 
tea tlm l^t of silver diloride. 
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Detection and Esto^ation of Silver.— Silver is detected by 
the precipitate wluch its solutions give with chlorides, soluble in 
ammonia but not in dilute nitric add. It can be estimated gravi- 
metrically as silver chloride, and volumetrically by titration against 
a chloride, bromide, iodide, or thiocyanate. There is no satisfactory 
colorimetric method of determining silver. 


Gold 

Au=I97*o. Atomic Number, 79 

History. — ^Like silver, gold has been known from prehistoric 
times. The universal esteem in which it has been held for several 
thousand years is a queer but immeasurably important psycho- 
logical phenomenon. It has already been mentioned, in the 
Historical Introduction, that the desire for gold was a deciding 
factor in the development of chemistry. Alchemical literature is 
almost entirely a literature of the supposed art of gold-making; 
and alchemy, of the cruder sort, is stiU practised — ^not merely in 
backward countries, but in the western civilizations. It is worth 
reflecting that if ever gold is prepared s5mtheticaUy on a large scale, 
it wiU, ipso facto, lose its peculiar value: a point which Diocletian 
was shrewd enough to perceive, but which rarely entered the con- 
sciousness of an alchemist. 

Occurrrace. — Gold mainly occurs native, though it is frequently 
present in the ores of other metals to an extent which makes its 
extraction from them profitable. The native masses vary in size 
from microscopic grains to lumps weighing as much as 180-90 lb. 
The principal gold-producing countries (in order of output) are: 
South AMca, Russia, United States, and Australasia, the first 
accounting for nearly half the total. 

Extraction. — ^Gold is now extracted from its ores by the wet 
or cyanide process, which can be applied to ores or residues rela- 
tively poor in gold. It was introduced by M* Arthur and Forrest 
in 1887, it is said that one mine, after putting up a plant costmg 
£2,000, made with it a working profit of £3,000 a morith. 

In this process the finely-crushed material is thorougUy extracted 
in the presence of air with a solution of sodium C3ranide, in which 
the gold dissolves to form aurocyanide ions: 

4Au -t-8CN' +Oa+ 2 H 20 = 4 An(CN) 2 ' +4OH'. 
gold is precipitated from this solution by zinc, and refined 
either electrolytically or with the help of the volatile compound 
auric cWoride. 

^^pareitiw of GoU from Silver,— In the extraction of silver, the 
product frequently consists of a silver-gold alloy with a small 
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though valuable proportion of the latter element. Separation or 
‘ parting ' is effected {a) by digesting with hot concentrated nitric 
add, which dissolves the silver and leaves the gold as a brown 
powder, or (b) by boiling first with sulphuric acid and then with 
nitric add, in which case the gold is left as a brown porous mass 
and the sflver passes into solution as silver sulphate. 

Properties. — ^Gold is a yeUow metal which melts at 1064® to a 
green liquid. It is the most ductile and the most malleable of all 
metals, and can be beaten out into sheets (called ' gold leaf *) as 
thin as o-ooooi mm., or drawn out into very thin wire! Its high 
density (19-3) makes it very difficult to counterfeit, as ^Id which 
has been alloyed with a less precious metal such as s2|^er has a 
much lower density; a fact which according to tradition was first 
applied by Archimedes. Colloidal solutions of gold can be prepared 
by reducing gold solutions with such reducing agents as phosphorus, 
hydrazine, or formaldehyde, and are usually brightly coloured! 
The pigment called * purple of Cassius ' was discovered by Cassius 
in 1^5, and is a colloidal solution of gold in stannic oxide, prepared 
by reducing gold solutions with stannous chloride. It has a fine 
or purple colour and is used in colouring glass or porcelain. 
R. Campbell Thompson has adduced evidence suggesting that 
purple of Cassius was known to the ancient Ass3nian glass-makers. 

Gold has a standard electrode potential of about 17 volts, and is 
one of the most noble of the metals; it will dissolve only in solutions 
with which it can form complexes. It can be dissolved by acjua 
regia, a mixture of nitric and hydrochloric acids in the proportion 
of about one to three; this mixture evolves chlorine, by which gold 
is readily attacked, and the metal dissolves to form chlorauric 
ions, AuCl/. The solubility of gold in cyanide solutions in the 
presence of air has already been mentioned. 

Gilding is carried out either by electroplating from a gold cyanide 
bath or by applying gold leaf to the surface of the object. The 
chief use of gold is, however, in coinage or jewelry. Since pure 
gold is soft it is for these purposes alloyed either with silver (as 
in Australian coinage) or with copper (as in the former English 
comage) : the former alloy is pale yellow, the latter almost orange. 
The proportion of gold in such alloys is said to be 22 carats, which 
means that they contain 22 parts ofjgold by weight in 24; pure 
gold is 24*carat. 

bx£DBs AND Hydroxides. 

Awm oxMe, An/), is obtained by reducing a solution of an 
aiirichloride with sulphur dioxide and adding caustic alkali: 
AuCl/+S0*+2Hp+0H'«Au0H ^ +4^+804^401'- 
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jlie black aurous hydroxide loses water on gentle heating to form 
aurous oxide, which is itself easily decomposed at a higher tem- 
perature into gold and oxygen. 

Auric hsrdioxide» AuO.OH, is precipitated by adding caustic 
alkali to a solution of auric chloride, AuClg: 

AuCl 3 + 30 H'=Au 0 . 0 H| +3C1'+H20. 

The hydroxide is soluble in excess of caustic alkali, so it is best to 
carry out the precipitation with the almost insoluble magnesium 
hydroxide. Any excess of this reagent can be removed from the 
precipitate by washing it with dilute nitric acid. 

Auric hydroxide dissolves in caustic alkalis because it is a weak 
acid (it is sometimes called auric acid) ; in such alkaline solutions 
the gold is in the anion. The hydroxide is decomposed at a moderate 
temperature into gold, water, and oxygen. With ammonia ' ful- 
minating gold* can be obtained; it resembles the analogous silver 
compound in its properties. 

Gold Compounds. — ^These form two series, the aurous , in which 
gold is univalent, and the auriCy in which it is tervalent. The auric 
compounds are covalent and do not give measurable quantities 
of auric ions in solution (compare the quadrivalency of lead) : they 
are not very stable except in the form of complexes such as the 
chlorauratesy AUCI 4 '. The aurous halidesy like the cuprous and argen- 
tous (the fluoride excepted), are insoluble in water, and for the 
same reason. Like the mono-halides of copper they are decomposed 
by boiling water into higher halide and metal; the auric halide may 
decompose further into gold and halogen. Like the auric com- 
pounds, they form fairly stable complexes (such as AUCI 2 ') with 
halide ions, and are consequently soluble in halide solutions, and 
they also form complexes with ammonia. 

Gold forms a very stable aurocyanide complex, Au(CN) 2 ', and 
^ compounds of gold will dissolve in cyanide solutions. Gold 
itself has a much higher standard electrode potential than copper 
(+17 volts against 0-52 volts), and unlike copper will not liberate 
hydrogen from cyanide solutions, but it will dissolve in them if 
there is air present to oxidize the hydrogen. 

Aurous Compounds. 

Aurous diloridey AuCl, is obtained by gently heating auric 
chloride: 

AuCl3=AuCl+Cl2 t . 

It is insoluMe in cold water and decomposed by hot water into 
auric chloride and gold : 

3AuC1=2Au \ -f-AuCla. 
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Like cuprous chloride and silver chloride, aurous chloride is soluble 
in ammonia, and the solid forms compounds with ammonia gas. 

Aurous iodide, Aul, is produced when an iodide solution is added 
to an aurous or an auric solution; in this respect it resembles 
cuprous iodide: 

AuCl3+3r=AuU +I,+3Cr. 

It is unstable and is easily decomposed into its elements. 

Aurous sulphide, Au^S, is precipitated in somewhj^t similar 
fashion by a sulphide from either aurous or auric sold^jtions. It 
is a black insoluble substance: \ 

2AuCl3+3S''=Au2S I +2S >|. +6Cr. \ 

Auric Compounds. 

Auric chloride, AuClj, is prepared by the action of chlorine on 
gold. It forms a hydrate, AUCI3.2H2O, and is soluble in water, but 
it is a covalent compound and its solutions do not contain auric 
ions — ^which indeed appear not to exist. The low melting-point 
(288°) and the volatility support this view, and the electrical 
conductivity of a freshly prepared solution was found by Kohl- 
RAUSCH to be very small at first, gradually rising with the formation 
of hydrogen chloride by hydrolysis. Auric chloride is soluble in 
some organic solvents — another indication of covalency. When 
heated it decomposes into aurous chloride and chlorine. 

It is stable in chloride solutions, in which it forms the anion 
AUCI4' ; from the hydrochloric acid solution chloroauric acid has been 
isolated as the hydrate HAUCI4.3H2O. This is used in photography, 
under the name of * chloride of gold,' for toning prints. 

Auric iodide, Aulg, is less stable than the chloride and is decom- 
posed at a lower temperature into aurous halide and halogen. It 
is also decomposed by water, but stable solutions of iodo-aurates 
can be prepared containing the anion Aul/. 



CHAPTER XVI 
GROUP II 

BERYtLIOM, MAGNESIUM, CALCIUM, STRONTIUM, BARIUM, 
[radium], zinc, CADMIUM, MERCURY 

.Ca— Sr— Ba— [Ra] 

Be-Mg< 

Vn-Cd-Hg 



Typical 

Elements 

Subgroup A 
(Alkaline earths) 

Subgroup B 


Be 

Mg 

Ca 

Sr 

Ba 

Ra 

Zn 

Cd 

Hg 

Atomic Number 

4 

12 

20 

38 

56 

88 

30 

48 

80 

Atomic Weight 

9*01 

24-32 

40-08 

87-63 

137-38 

■ 225-97 

85-38 

112-41 

200-6 i 

Density 

1-83 

1-74 

1-74 

2-5 

3-8 

6-0 

6-9 

8-6 

13-61 

Atomic Volume 

4-92 

14-0 

25-0 

351 

38-7 

38 

9*5 

I 3‘0 

I4-I 

Melting-point 

1280° 

650° 

0 

0 

00 

752 ^* 

830“ 

700° 

420° 

320° 

“ 39 ® 

Boiling-point 
Standard Elec- 

2970° 

1100° 

1440 

1366“ 

1737° 

? 

920° 

780® 

360" 

trode Potential 
(volts) 

-170 1 

1 

-- 2-34 

—2-87 

-2-89 

— 2-90 

? 

-0-76 

—0*40 

4-0-80 

(-ous) 


The chemical properties of radium and its compounds have not 
been sufficiently thoroughly investigated to receive separate 
treatment here. In so far as they are known they closely resemble 
those of barium. 

The order of the standard electrode potentials is; 

Ba, Sr, Ca, Mg, Be, Zn, Cd, Hg, 

that is, from the heaviest element of Subgroup A to the heaviest 
element of Subgroup B, the typical elements occupying an inter- 
mediate position. The subgroups do not resemble each other 
veiy dosely, but the valency in ^ the soluble compounds is two: 
the mercurous compounds are only an apparent exception to this 
rule, as will be seen when we come to study them. The typical 
elements resemble sometimes one subgroup and smnetimes the 
other, but, on the whole, magnesium goes with Subgroup A mid 
b^Hium with Subgroup B, that is, the dividing line in the series 
given above is to be ^wn between Mg and Be. 

1- The action of the metals on water is what would be expec^ 
from the electrode potentials, and ranges from btuiom, wbicffi 
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reacts very vigorously, to mercury, which is readily precipitated by 
reducing agents from solutions of its salts. The action of air on 
the metal follows the same order. 

2. The same is true of the tendency of the elements to form 
covalent compounds, though beryllium, with its very small atomic 
volume, is perhaps more prominent in this direction than its 
position in the electrochemical series might indicate. The Sub- 
group A elements, with their very low densities and their |iigh atomic 
volumes, form predominantly electrovalent compound! while the 
Subgroup B elements, with their high densities and |pw atomic 
volumes, form partly electrovalent and partly covalent elfmpounds. 
These covalent compounds have comparatively low meljting- and 
boiling-points and are soluble in organic solvents, whUe their 
solutions contain a considerable proportion of unionized niolecules. 
It is instructive to compare the melting-points of the chlorides in 
the two groups: 

Mg 700° Be 400® 

Ca 800® Zn 290® 

Sr 870® Cd 563® 

Ba 960® Hg 265® 

Ra 1000®? 

The chlorides in the right-hand group are all freely soluble in organic 
solvents, those in the left-hand group are not, except to some 
extent calcium chloride. 

The power of forming covalent organic compounds begins with 
magnesimn and is very marked with mercury. 

3. The tendency to form complex ions and auto-complexes 
increases in the same order: it is unimportant in Subgroup A, 
though already appreciable in calcium; marked with beryllium; 
and very prominent with zinc and especially cadmium; while the 
mercurous ion, a complex, is so stable that it was formerly mistaken 
for a separate valency type. The same applies to the tendency of 
the salts to form hydrates — ^but mercury is an exception to this. 
The ions of all these elements are colourless. 

4. The hydroxides of Subgroup A are soluble or slightly soluble 
in water: tho^ of the typical elements and Subgroup B are nearly 
insoluble. Magnesium and Subgroup A hydroxides are strongly 
basic, whilejthe others are weak bases also possessed of feeble acidic 
powers, which decrease in the usual way with the atomic number 
of the metal. 

: 5. The ease with which the hydroxides, peroxides, carbonates, 
p^phates, and nitrated can be decompose by heating increases 
l^ly regularly from barium to mercury (but beryllium forms no 

. €. Sisbgmup A metals ^re with the alkaJi-metala the power of 
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forming hydrides of electrovalent type (formula MH^) when the 
metal is heated in hydrogen; the remaining elements of the group 
form no similar hydrides. 

7. The typical and Subgroup A elements form nitrides of formula 
MaNg on heating in nitrogen; Subgroup B elements do not readily 
form nitrides. 

8. Solubility differences include the following: 

The fluorides of magnesium and Subgroup A metals are nearly 
insoluble; the rest soluble. 

The sulphides of Subgroup B are insoluble; the rest are decom- 
posed by water. 

The sulphates of Subgroup A are insoluble or slightly soluble; 
the rest (except the mercury sulphates) very soluble. 

It must not be supposed that all the compounds of all the elements 
in this group have properties that can be arranged in sequence: 
such is very far from being the case. Beryllium, as is usu^ with 
the first element of a group, closely resembles aluminium, the 
second element of the next, just as magnesium resembles lithium, 
while both beryllium and mercui^ are highly individu^ elements 
whose compounds show peculiarities which can be subjected only 
to a limited extent to the generalities of the periodic classification. 


Beryllium 

Bes=9*oi. Atomic Number, 4 

History.— Hauy, one of the founders of crystallography, noticed 
that the mineral beryl had the same crystal form as the emerald, 
and invited the French chemist Vauquelin to analyse these 
substances. The result was the discovery in 179® ^ element, 

resembling aluminium in its properties, but with certain charac- 
teristics of its own, among them the sweet taste of its salts. The 
name glucinum was therefore given to the newly discovered elen^nt, 
but has now been almost superseded by the name beryllium* 
Oocurreiice. — ^Beryllium is the scarcest element of the secmid 
group, excepting only radium, and the le^t known of all the 
typical elements. Up to the present time it has been of trifling 
commercial importance and the principal source has l^n beryl, 
an impure beryllium aluminosilicate which occurs in small quantities 
in various parts of the world, chiefly in the United States. Recently, 
however, important new deposits of beryllium minerals have been 
discov^d in Manitoba, Canada, as the result of a search stimuwra 
by the invention of light alloys in which the metal advanta^ens^y 
replaces the heavier aluminium, and in the future the pioduqticin 
♦9 
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of berylKum may be expected to increase. A minor use of beryllium 
is as a ' window ' in some varieties of X-ray tubes. 

Ibrixaotion. — Beryllium is now extracted on a commercial scale 
as follows: 

Beryl is mixed with sodium fluosilicate, heated to 650®, and 
extracted with cold water. The beryllium passes into solution 
as sodium fluoberyllate, Na2BeF4, which can be crystallized. 
From a solution of this compound caustic alkali precipitates 
beryllium hydroxide, Be(OH)2, which is dissolved in hydrofluoric 
acid and evaporated to dryness, leaving 2BeO.BeF2, wli|ch melts 
at 750®. This compound is mixed with barium fluonde and 
electrolysed at 1400® in a graphite crucible which acts ^ anode. 
The cathode is a water-cooled iron tube on which rough .rods of 
beryllium form. 

Small quantities of pure beryllium may be prepared by the 
electrolysis of anhydrous beryllium salts dissolved in liquid ammonia. 

Properties. — Metallic beryllium resembles magnesium and alumi- 
nium, but has a higher melting-point than either. The chemistry 
of its compounds is dominated by its very low atomic volume, 
lower than that of any other element, which causes its compounds 
to be largely covalent, and associates them with those of aluminium, 
which they otherwise much resemble. 

Beryllium is a hard, grey metal with a density (1*83) lower than 
that of aluminium, though greater than that of magnesium. It 
has the highest melting-point of any element in the group, and is 
a good conductor of electricity. Its physical qualities are superior 
to those of aluminium, but unfortunately it is far less common. It 
is as stable as aluminium in the air, but if the finely-divided metal 
is strongly heated it bums with a bright light to form beryllium 
oxide. Its standard electrode potential certainly lies between 
those of magnesium and zinc, and it is more resistant than mag- 
nesium to the action of water, from which it displaces hydrogen 
slowly or not at all, owing to the formation of a film of oxide. It 
is readily soluble in acids, and differs from magnesium in dissolving 
in solutions of alkalis. 

Oxides and Xbrdzoxidas. — ^The only known oxide of beryllium is 
the monoxide -BeO. It can be obtained by heating the carbonate 
or nitrate or the hydroxide, Be(OH)^r- TMs latter compound is 
precipitated from beryllium solutions by caustic alkalis, but 
dissolves in excess, like aluminium hydroxide, to form compounds 
called beryllates; 

Be(OH)«+20HVBe02^4-2H2O, 

On boi^ the soluti<m Ibe reverse diange takes place and berylUum 
iQrdmxide, 03^^^ hydroxide, is repredpitated: this is 
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used in the separation of the two elements. Solutions of the 
beryllates, though less stable than those of the aluminates, are 
more stable than those of the zincates. 

The oxide can be purified by heating it in a current of carbonyl 
chloride at 450® for one or two hours. Iron and aluminium are 
removed as volatile chlorides. After calcium chloride and any 
beryllium chloride have been washed out with water, pure beryllium 
oxide remains. It is a colourless compound with a very high 
melting-point (2500®?). It dissolves in acids to form the beryllium 
salts, and in alkalis to form the beryllates. It has the wurtzite 
structure exactly like ZnO, and utterly different from the rock-salt 
structure of MgO, CaO, etc. 

Nitride. — ^Like magnesium, beryllium combines with nitrogen 
when heated in the gas. The product, which has the formula 
BegNg, can also be prepared by heating the metal in ammonia. 

Cartenate. — ^The normal carbonate is unknown; sodium carbonate 
precipitates from beryllium solutions a basic carbonate of uncertain 
composition. 

H^dides. — Solutions of the haUdes are prepared in the ordinary 
way by the action of the acid on the metal, oxide, or carbonate, but 
evaporation of the solutions always leads to the precipitation of 
beryllium hydroxide or of a basic salt formed by hydrolysis. The 
anhydrous salts are therefore prepared by the action of the halogen 
or hydrogen halide on the metal, or on a heated mixture of the 
oxide and carbon (compare aluminium). 

FluoridCy BeFj. — ^This compound can be prepared by heating 
the complex salt (NH4)2BeF4 in the absence of air. It is a glassy 
hygroscopic substance soluble in water: the fused salt is a non- 
conductor. The fluoride must be heated to a higher temperature 
than the other halides before it is fully liquid. The structure of 
BeFg resembles that of quartz (with Be=Si, and F= 0 ). 

Chloride, BeClg . — K white solid melting at 400® and boiling at 
520®. The vapour density of this compound was determined as 
a check on the atomic weight (and valency) of beryllium: it showed 
the molecule to be BeClj. 

The bromide melts at 490® and the iodide at 510®. M the halides 
are seluble in organic solvents, but the fluoride is only slightly soluble. 

Siil]^]ide. — The compound BeS is immediately decomposed by 
water, md attempts to precipitate it from beryllium solutions with 
ammonium sulphide lead to the evolution of hydrogen sulphide 
and the precipitation of the hydroxide: 

BeS+2H,p=*=Be(0H), ^ -f H^S f . 

SW|tf»to.^Sdbtiona^ this compound can be obtained by the 
usual method^, b^ ^^^fenhydrous compound BeS04 has not been 
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pi^aied in a state of purity, as the attempt to remove the i, 2, 4, 
or 6 molecules of water of crystallization by heating it leads to partial 
decomposition; on strong heating the oxide remains. 

Rihcate. — ^The hydrated nitrate can be prepared, by the usual 
methods, and dehydrated by heating with amyl alcohol. 


M Magnesium t. 

ii 

Mg=24*32. Atomic Number, 12 | 

BSstaty. — Magnesium sulphate was discovered in the water of a 
well at Epsom by Nathaniel Grew in 1695. HoFFMANN"\in 1729, 
first showed that magnesia (MgO) was to be (hstinguish<^ from 
lime (CaO), and Black (1755) elucidated the composition of ma^- 
nesia alba (a carbonate of magnesium). The metal was possibly 
obtained by Sage in 1777, and was certainly prepared in an impure 
state by Davy in 1808. In a state of comparative purity it was 
first obtained by Bussy (1829). 

Ooeonenoe. — ^Magnesium is an abundant element. It occurs in 
carnaMte, MgClj.KCI.6H2O (p. 445); magnesite, MgCO^; dolomite, 
MgCOa.CaCO,; kieserite, MgS04.Hj0, and in several naturally- 
occurring silicates, among them asbestos, 3MgSi0s.CaSi03, and tdc, 
HjMg,(SiO,)4. It occurs in small quantities in living matter, and 
is, for example, an essential constituent of chlorophyll, the green 
colouring-matter of plants. 

Fnparation. — Magnesium is prepared on the commercial scale 
by two processes. In the first the raw material is magnesium 
chloride bexahydrate, MgCl(.6HaO, from camallite. This is melted 
in an iron pot, but to reduce the hydrolysis that normally takes 
place — ^MgClj-i-HjOv^MgO-l-zHCl f — ^it is first mixed with an 
^ual weight of common salt; in thk fused mixture the magnesium 
is .possibly partly combined as a complex anion. The temperature 
is 700®. The melt is then electrolysed with the pot as cathode 
and a graphite anode suspended in it: so long as the magnesium 
concentratioit of the melt is kept up, magnesium will separate in 
preference to sodium. In the U.S.A. magnesium chloride is ob- 
tained from sea-water, dehydrated by heating in a current of 
hydrogen chloride, fused, and electrolysed. 

In the second process the raw material is magnesium oxide. The 
electrolyte coosmts of equal parts of magnesium and barium 
fluorides to which sodium fluoride is added to lowrer the melting- 
point. Electrolysis is carried out at 950®, and the melt, which is 
contained in a sted vessel, forms a solid crust on the surface. The 
csst-irpn cathodes project from the bottom of the vessel, while the 
carbw ano^ are su^ended in the liquid. The molteri magnesium 
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produced at the cathode by electrolysis is lighter than the liquid and 
rises, but is protected from the air, in whic^ it would bum at this 
temperature, by the solid crust of electrolyte, under which it 
collects. 

From time to time magnesium oxide is added to the melt. Mag- 
nesium is much less electropositive than barium or sodium, and is 
preferentially deposited. The 

current is carried to the anode 

by both fluoride and oxide ^ Solid crust 

ions, but at that electrode only 
the latter are discharged, 
owing to the high discharge 
potential of fluoride ion. The 
net action is: Meltr 

2Mg0=2Mg+02 t . 

There is therefore no loss of 
fluorine, and the magnesium 
fluoride need not be re- Fig. 1 16. Magnesium from Magnesium 
plenished. The product is Oxide 

about 99 per cent pure. The 

metal is now purified on a commercial scale by sublimation at 600® 
under a pressure of i mm. of mercury. 

Uses. — Magnesium is used in flashlight powders and in the new 
light alloys such as magnalium: in the laboratory it is used as a 
reducing agent and in the preparation of the hydrides of boron 
and silicon. Elektron, an aUoy with the veiy low density of i*8, 
consists of 90 per cent magnesium alloyed with copper, zinc, man- 
ganese, and silicon. It is used for the crank-cases and gear-box 
casings of motor cars, and is protected from corrosion by an anodic 
oxidation process similar to that now applied to aluminium (p. 532). 
In spite of being highly inflammable, it can be welded. 

Properties.— Magnesium is a white, fairly hard metal which in 
the laboratory is usually supplied in ribbon, filings, or powder. It 
is stable in dry air, but in moist air is slowly oxidized to the mon- 
oxide MgO. When heated it bums with the well-known blinding 
white light, the products being the monoxide with a little of the 
nitride MgjN,. In the formation of this latter compound mag- 
nesium resembles lithium and also the alkaline-earth metals. The 
white cloud produced by flashlight powders is magnesium oxide. 
Magnesium reacts violently with acids, and slowly liberates 
hydxc^en from hot water. The action is impeded by the film of 
insoluble hydroxide produced on the surface of the m^al. Since 
magnesium hydroxicM, for some reason not fully understood* is 
slightly more soluble^ most salt solutions than in pure water. 
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solutions of such substances as sodium or calcium chlorides act on 
magnesium much more rapidly than pure water, especially if 
heated. Solutions of salts of weak bases (e.g. ammonium salts) 
also dissolve magnesium by reason of their acid reaction. Mag- 
nesium will bum brightly if heated in a current of steam : 

Mg+2H*0-Mg{0H),+H2. 

Magnesium is sometimes included with the elements calcium, 
strontium, and barium in the term 'alkaline-earth mejjials': the 
' earth ' is the oxide. Like these elements, magnesium \is always 
bivalent: it is less electropositive than calcium, but muc^i\more so 
than zinc. It has only .a very slight tendency to form 'Complex 
ions, excluding, of course, the hydrated cation, thpugh 'there is 
evidence of auto-complex formation in some of its solutions, e.g. 
those of magnesium sulphate. Double salts, often hydrated, are 
also common. Its compounds are nearly all hydrated, and in the 
absence of water there is a very marked tendency to form complexes. 
In the solid state we may mention the compound MgClg.aNHg, 
which can be made even at 300°, and in ethereal solution the 
interesting Grignard compounds made by dissolving dry mag- 
nesium in a solution of a dry alkyl iodide, such as CgH^I, in dry 
ether: 

/C,H, 

Mg+C,H,I==Mg/ 

'^I 

In their preparation it is necessary rigorously to exclude water, 
which hydrolyses them at once. In aqueous solution the only stable 
form of magnesium is the bivalent hydrated ion, and the hydroxide, 
Mg(OH)2, is a strong base, though almost insoluble in water. The 
relation between magnesium and the alkaline-earth elements re- 
sembles that between lithium and the alkali-metals, and the two 
elements resemble each other, in accordance with the rule already 
alluded to (p. 479). Magnesium also resembles zinc, but can easily 
be separated from it by the solubility of zinc oxide in alkalis or 
by the insolubility of zinc sulphide. 

The principal insoluble compounds of magnesium are the 
hydroxide, carbonate, fluoride, oxalate, phosphate, and double 
ammonium -phosphate. _ 

Oxide and Hydroxide. — ^Magnesium oxide, magnesia, MgO, is 
obtained by burning the metal in oxygen or by heating the hydroxide 
or carbonate. It is a colourless solid with a high melting-point 
ii^ ki one of the jjrocesses for magnesium manufacture, in furnace 
hnings, and as the incandescent filament of the Nernst lamp. 
impure oxide is obtained by heating magnesite, the naturally- 
occuirhsg carbonate of magnesium, m by beating magnesium 
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chloride hexahydrate for a long time in the air. In contact with 
water it forms magnesium hy^oxide, Mg(OH)2, which can be 
reconverted to the oxide by heating for some time to 400® or over. 
The hydroxide is a colourless substance precipitated when caustic 
alkalis are added to magnesium salt solutions. It is almost 
insoluble in water (solubility-product about iO“^^) but is sufficiently 
soluble to affect indicators, and is a strong base with no trace of 
acid properties. It is less soluble in caustic alkalis than in water, 
a characteristic which links ms^esium with the alkaline earths 
and distinguishes it from beryllium and zinc. Aqueous ammonia 
can be used instead of caustic alkali for the precipitation, but if 
sufficient excess of ammonium salt is also present the hydroxyl ion 
concentration of the solution is so much reduced that the solubility- 
product of the hydroxide is not exceeded and no precipitation 
takes place. To concentrated magnesium solutions a considerable 
excess of ammonium salt must be added if precipitation is to be 
prevented. 

Magnesium hydroxide is soluble in acids to give magnesium salt 
solutions, and is also slightly soluble in solutions of ammonium 
salts, which have a slightly acid reaction from hydrolysis. The 
equilibrium is: 

Mg(0H)2+2NH4-;e^2NH3+2H20+Mg*. 

Calculations based on the law of mass-action show that this solu- 
bility is not due to the formation of a putative ammino-magnesium 
complex ion in appreciable concentration. 

Peroxide. — Magnesium peroxide, MgOg, is prepared by electro- 
lytic oxidation of magnesium salt solutions or by the action of 
hydrogen peroxide on a suspension of the hydroxide. It is much 
less stable than the peroxides of the alkaline earths, and has never 
been prepared free from considerable quantities of water and the 
lower oxide. 

Nitride. — Magnesium nitride, MggNj, is formed when a magnesium 
is heated in nitrogen. The metal becomes incandescent when 
heated in ammonia, and the same compound is produced: 

3Mg+2NH3=Mg8N2+3Ha. 

It is hydrolysed by water with the formation of magnesium 
hydroxide and ammonia: 

Mg3N2+6H20==3Mg{0H)2+2NH3. 

Carbosiiatei. — ^Normal magnesium carbonate, MgC03,3H20, dis- 
solves in water to the extent of about i-8 gm. per litre at room 
temperature, and is s%very much more soluble than the hydroxide 
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that a solution of sodium carbonate precipitates from solutions of 
magnesium salts a nuxture of the cshrbonate and hydrojdde, or 
possibly a basic carbonate. This substance can be converted to 
the normal carbonate by suspending it in water and passing carbon 
dioxide through the liquid. If the current of gas is continued too 
long, the whole of the precipitate redissolves as the soluble 
bicarbonate, Mg(HC08)2. 

Ammonium carbonate will produce no precipitate in, solutions 
of magnesium salts containing ammonia and an ammoliium salt 
in excess, if the concentration of the latter is sufficiently high. 
Solutions of ammonium salts have an acid reaction by hydrolysis^ 
and this reduces the carbonate ion concentration from the ii^ction: 

H+COaVHCOa'. 

The carbonates of the alkaline earths, however, are considerably 
less soluble than magnesium carbonate, and are invariably pre- 
cipitated under these conditions, a fact which is made use of in 
the separation of magnesium from these elements in qualitative 
analysis. 

After heating for some time to, say, 750®, the conversion of 
magnesium carbonate to the oxide is complete; it is more easily 
decomposed by heat than the carbonates of the alkaline-earth 
metals. 

Halides. — ^These compounds, except the insoluble fluoride, may 
be prepared in solution by the usual methods, but if the hydrates 
produced by evaporation are heated, hydrolysis takes place and 
oxyhalides or basic salts are produced. The anhydrous com- 
pounds (again except the fluoride) are best prepared by the action 
of the h^ogen or the hydrogen hsdide on the metal. When heated 
in air the fluoride is chemically unchanged, but the other halides 
are converted to oxides, e.g.: 

2Mgl2+08=2Mg0+2l2. 

Magnesium fluoride also has a much higher melting-point (1400®) 
than have the other halides (about 700®), 

Magnesium fluofiie, MgFj, is precipitated from magnesium salt 
solutions by soluble fluorides. It is used in one process of magnesium 
manufacture. 

Mm^sium chloride, MgCl^, is prepared in large quantities as the 
liexi^3^drate, MgC^-bH^O, by the evaporation of the mother liquors 
l whm the potassium chloride has been removed from 

;cari)al]i^ (p. ^5). Tt^her with the natmahy^-occurring carbonate 
this is the source of most of the magnesium compounds 
Ol commerce. Magnesum dbloridei is also fouro in sea^water. It 
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is used in magnesium manufacture. It is very soluble in water, 
and on evaporation of the solution an oxychloride, HgO-Mga*, 
remains. A substwce of similar composition is artificially prepared 
by mixmg magnraium oxide, obtained by heating magnesite, with 
magnesium chloride hexahydrate, and is used as a cement; for 
when water is added to the finely-ground mixture it sets to a hard 
mass. 

Magnesium bromide, MgBrj, is found in sea-water; it forms 
various hydrates. 

Magnei^tim perchktrate, Mg(C104)2, prepared from the hydroxide 
and perchloric acid, is a very efficient drjrag agent for gases. When 
it has absorbed much water it can be dried by heating to 240®. 

Uagnenam sulphide, MgS, is a substance which must be pre- 
pared in the dry way, as for instance by the union of the elements, 
since it is hydrolysed by water. Neither hydrogen sulphide nor 
ammonium sulphide produces any precipitate in solutions of 
magnesium salts, and if hydrogen sulphide is bubbled through a 
suspension of the hydroxide the latter dissolves to form the soluble 
hydrosulphide: 

Mg(OH)2-f2HjS?i=Mg" -f 2SH'-}-2H20. 

On boiling, the change is reversed: magnesium hydroxide is 
precipitated and hydrogen sulphide evolved. 

Magnesium sulphate, MgS04, occurs native in the hydrated form 
as kieserite, MgS04.Hg0, and Epsom salt, MgS04.7H20. Solutions 
or hydrates can be made without difficulty by the usual methods, 
but if the attempt is made to drive off all the water of crystallization 
by heating, the substance begins to decompose into the oxide. 
Ma^esium sulphate is used in medicine (as a purgative) and in 
dyeing. 

Ma^esiam nitrate, Mg(N03)2.6H20, can be prepared in solution, 
or in the form of various hydrates, by the usual methods; but, 
like the sulphate, it cannot be prepared in the anhydrous state. 

Magnesinm ammoninm phosphate, (NH4)MgP04.6H20, is a 
colourless compound precipitated from solutions of magnesium 
salts by ammonium dihydxogen phosphate, (NH4)H2P04. Mag- 
nesiim is usually precipitated in this form for the purpose of 
quantitative analysis. On strong heating, magnesium pyrophos- 
phate, Mg,PjO,, remains and can be weighed: 

2{NH4)MgP04.6H,0=Mg2P80,-l-2NH, f -hi3H,P f. 

KagneMom boricie (p. 522). 

Magnerinm silkade (p. 582). 
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Subgroup A 

Calcium, Strontium, Barium, [Radium| 

Ca = 40 'o8. Atomic Number, 20 
Sr = 87*63. Atomic Number, 38 
Ba =137*36. Atomic Number, 56 
[Ra=225*97. Atomic Number, 88 1 

History. — ^Lavoisier suggested that all the substances known 
collectively as earths were in reality metallic oxides. Davy (1808) 
prepared impure calcium by electrolysing lime in the presence of 
mercury as cathode, subsequently distilling off the' mercery in a 
tube filled with petroleum vapour. Moissan (1898) obtained 
metallic calcium of 99 per cent purity by strongly heating calcium 
iodide with sodium. 

Strontia was recognized as a distinct earth in 1793 by Hope, who 
obtained it from a mineral resembling heavy-spar (see below) 
found at Strontian in Argyllshire; Crawford had tentatively 
advanced the same opinion three years earlier. Metallic strontium, 
in an impure state, was prepared in 1808 by Davy, by electrolysis 
of the fused chloride. 

Barium, in the form of its sulphate, was first mentioned by 
Casciorolus in 1602 or 1603, who observed that the mineral 
heavy-spar (BaS04), when heated strongly with charcoal, yielded 
a substance that glowed in the dark. This substance (impure 
BaS) was known as the ‘ Bolognan stone.’ Scheele (1774) 
conduded that a peculiar earth was the basis of heavy-spar, and 
DE Morveau suggested the name barote (afterwards changed to 
baryta) for it. The impure metal was first obtained in 1808 by 
Davy, who electrolysed the fused chloride. 

[For the history of radium, see p. 304. | 

Occnmnce. — Calcium is one of the most abundant of the elements, 
and occurs in nature chiefly as the carbonate, in the form of lime- 
stone, chalk,, marble, calcite, aragonite, Iceland spar, etc., or in 
combination with magnesium carl^nate as dolomite, CaCOg.MgCOg. 
Calcium sulphate occurs in nature as anhydrite, CaS04, or in the 
hydrated form as gypsum or alabaster, both CaS04.2Ht0. Calcium 
sUicate is a constituent of many rocks, 

Caldum is essential to the life of both animals and plants. In 
animals it is contained chiefly in the bones, of which about four- 
fifths is caldum phosphate, and both caldum and phosphorus, 
thor^ not, of course, in the elementary state, are given to children 
bone development is retarded. Calcium fluoride is contained 

. the teeth, and causes them to fluore^ when exposed to X-rays. 



GROUP II Jfig 

Sironitum is one ol the less common elements, and is the least 
abundant of the alkaline-earth elements. The principal strontium 
minerals are strontianiU, SrCOs, and cdestine, SrSO*: they are 
widely distributed in small quantities. 

Barium occurs fairly abundantly in nature as witkerite, BaCOji, 
or barytes or heavy-spar, BaS04, ^ many silicates, and in smaller 
quantities in other minerals. Barium compounds do not occur 
m noticeable quantities in the human body: indeed, they are 
poisonous. 

After the alkali-metals, and excluding ot course the mert gases, 
the metals of the alkaline earths are the most homogeneous sub- 
group of the periodic table. Like the alkali-metals, they are highly 
electropositive and chemically reactive, and they have low den- 
sities. The valency is always two and the tendency ot the metal to 
ionization, as shown by its standard electrode potential, increases 
as usual with the atomic number, while the contrary applies to the 
tendency to form hydrates, covalent compounds, and complexes. 
The tendency to form complexes or covalent compounds is slight 
throughout the subgroup, but some calcium salts, such as the 
chloride or nitrate, have a high solubility in such solvents as the 
alcohols, which is much less marked with strontium and is absent 
with barium. 

The solubility of the salts m water, expressed in gram-molecules 
per litre, in this group usually increases with the tendency to form 
hydrates, that is, from barium through strontium to calcium, but 
the solubilities of the hydroxides, fluorides, and oxalates (all salts 
of weak acids) He in the reverse order, while the carbonate solu- 
bilities are irregular. Examples (solubilities in grams anhydrous 
salt per loo-gm. solution at 20®): 

Chloride Sulphate Fluoride 
Calcium 43 *20 *0016 

Strontium 35 15 *012 

Barium 26 -0002 *16 

All the alkaline earths colour the Bunsen flame: calcium brick-red, 
stroatium crimson, l^rium green. The two latter colours are 
used in firewoiics. 

Uetala.— Calcium is now prepared on a large scale by dectrolysis 
of the fused chloride. Since calcium chloride, when pore, melts 
at 780° and the metal at only 8io°, the process ofiers great tedmkal 
<iifficultfes. These have been overcome only in recent by 

water«<ionling the mdt round the cathode, 1^ withdrawing the 
cathode frms the melt as it grows, and by using impure cakiam 
chloride, whkd) mdts at a lower tenpoature. The mature of tbe 
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process will be clear from the diagram: the anode is the graphite 
lining of the containing vessel. 

The other alkaline-earth metals have been made only in the labora- 
tory. They are best prepared from the amalgam by distilling off 

the mercury in an inert atmosphere; 

n “ a process which, as already men* 

CalcuitiL^jk Water coollmr tioned, was first carried out by Sir 
^ Humphry Davy. The aifialgam is 
gJyg prepared by electrolysing sm aqueous 

GntpHlte^ . solution of one of the sal^i^with a 

Ltniixg' mercury cathode. It is dtecult to 

"“*** drive off all the mercury, l^^e metals 

prepared by heating the 
^ oxidc or chloride with alumihium or 

Fig. XI 7. Manufacture of sodium. 

Calcium metals of the alkaline earths 


cooling 

7 


anode 

Fig. II 7. Manufacture of 
Calcium 


are silvery-white substances, rather 
harder than lead and with a low density. They are rapidly 
tarnished in air, forming surface layers of oxide and nitride, and 
bum brightly when heated in air or oxygen. They are chemically 
very reactive, resembling in this the ^ali-metals, and liberate 
hydrogen vigorously from water, though the action of cold water 
on calcium is slow on account of the formation of a protective 
layer of hydroxide. They are powerful reducing agents, and will 
reduce hydrogen chloride to hydrogen, most metallic salts to the 
metal, carbon monoxide to carbon, and concentrated sulphuric 
acid to sulphur and sulphur dioxide or hydrogen sulphide. 

Now that calcium can be obtained cheaply, it is coming into use 
in the laboratory as a reducing agent and for removing nitrogen or 
hydrogen from gases. In metallurgy it is used as a deoxidizer, 
and, together with aluminium, in the preparation of certain new 
light alloys. It is a convenient substance to use for the dehydration 
of alcohol. 


Hydrides. — ^The alkaline-earth metals combine with hydrogen, 
slowly at room temperature and with incandescence on heating, 
forming hydrides of formula CaHj, SrH^, BaH^. These are white 
crystaEhne substances with high melting-points, and are more 
easaly formed than the alkali-metal hydrides. They can be melted 
in a hydrogen atmosphere without loss of weight, but at higher 
temperatures begin to dissociate. The hydrides of the alkaline 
earths increase in stability with increasing atomic number of the 
metali whereas the reverse is true of the alkali-metal hydrides. 
They are electrovalent and contam n^ative hydr(^[im; thus the 
idectr^yris of fused calcium hydride sdelds calcium at the cathode 
.and hjrarogen at the imoie {Compare lithium hydride, p. 
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They can be gently heated in air without alteration, but at a red 
heat burn brilliantly, forming the oxide of the metal and steam: 
CaHj+Oj^CaO+HjjO, 

With water they liberate in aU twice as much hydrogen as they 

contain: 

CaHa+2HaO=Ca(OH),+2H, f , 

and the heat developed is sometimes enough to ignite the hydrogen. 
On strongly heating the hydrides in nitrogen the nitrides we 
obtained, e.g.: 

3BaH2+Nj=Ba3N2+3U2* 

The hydrides are very powerful reducing agents. 

Oxides and Hydroxides. — The oxides are usually prepared by heating 
the carbonates, a process sometimes described as ' burning ' them; 
CaCOa^CaO+COg f . 

At room temperature the equilibrium pressure of carbon dioxide 
over all the carbonates is very minute — ^much less than the partial 
pressure of carbon dioxide in ordinaiy air — and at this temperature 
the oxides will readily combine with carbon dioxide, the action 
being nearly complete. The equilibrium pressure of carbon dioxide 
over calcium carbonate reaches 760 mm. at 890®, but strontium 
and barium carbonates require a higher temperature, and their 
decomposition is usually assisted by adding a reducing agent such 
as carbon. The carbonates can of course be decomposed at much 
lower temperatures if the carbon dioxide is allowed to leave the 
system as it is produced. 

Calcium oxide, * quicklime,' is produced industrially by heating 
limestone in a lime-kiln, which is often heated by producer-gas. 
The process can be made continuous, limestone being added at 
the top and lime withdrawn at the bottom. When quicklime is 
mixed vrfth a little water a vigorous action takes place and sufficient 
heat is liberated to boil some of the water: a dry powder of calcium 
hydroxide, ' slaked lime,' Ca(OH)2, remains. If the quicklime con- 
tains much magnesium oxide, or if it has been heated to a very 
high temperature, combination with water takes place only slowly. 
The -oxides Of strontium and barium likewise combine with water 
to form hydroxides, which, unlike calcium hydroxide, form stable 
hydrates such as Ba(0H)j.8H20. 

The oxides of the a&aline-earth metals are white solids with very 
high melting- and boiling-points: calcium oxide melts at 2559** 
boils (in the electric arc) at about 3400®. When heated in the 
oxy-hydrcgen flame it remains solid and gives out a vay bright 
white light, the 'limelight.' The oxides can be redded only 
with the gimtest difficulty* 
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The hydroxides differ greatly in their solubility in water. The 
solubility in grams of hy^oxide (unhydrated) per loo gm. solution 
at 20® is as follows: Ca{OH)jj, o*i 6 ; Sr( 0 H) 2 , o* 6 i; Ba( 0 H) 2 , 17. 
The solubility of calcium hydroxide decreases with rising tem- 
perature, whereas the solubilities of strontium and barium 
hydroxides increase, and the latter is very soluble in hot water. 
All the hydroxides are sufficiently insoluble to be precipitated from 
their cold solutions by caustic alkali, if the concentrations are high 
enough; the solution of calcium hydroxide is called ' l^ne-water/ 
that of barium hydroxide ‘ baryta/ The hydroxides tall retain 
water tenaciously. Slaked lime is converted to quiclqime at a 
red-heat, but barium hydroxide requires a temperature! of about 
900® for reasonably rapid conversion. All the hydroi^ides are 
strong bases, and baryta is used as a volumetric reagent, but it 
must be protected from the carbon dioxide of the air, which 
precipitates barium carbonate. For the same reason baryta 
is the best solution for the preparation of pure hydrogen by 
electrolysis. 

In the laboratoiy calcium oxide is used to remove water from 
substances which combine with calcium chloride, e.g. ammonia or 
alcohol. For this purpose it should be freshly heated before use. 
WTien required in industry it is usually manufactured on the spot. 
It is used in the manufacture of sodium carbonate (Solvay process), 
caustic soda from sodium carbonate, calcium carbide, bleaching 
powder, glass, mortar, cement, and other materials; and as a furnace 
lining. Mortar is a mixture of calcium oxide, water, and sand; it is 
freshly made just before use, and sets in the air to a complex mixture 
of calcium carbonate and silicate. Portland cement was invented 
in 1824 by a bricklayer named Aspdin; it is made by strongly 
heating a mixture of limestone and clay in the prop>ortion of about 
three to one. The product is ground fine and when mixed with 
water rapidly sets to a hard mass. 

SodorUme is made by mixing powdered lime with molten caustic 
soda; it is a mixture of sodium hydroxide with calcium oxide and 
hydroxide. It does not deliquesce like caustic soda and is a 
cofivenient ateorbent for carbon dioxide. In the war of 1914-18 
it was used in gas masks to absorb chlorine. 

Strontium oxide is used in the purification of sugar from molasses, 
from which it precipitates an insoluble compound, ^ strontium 
saccharute/ This is washed and decomposed by carbon dioxide 
and water: 

* Strontium saccharate ’-f-carbon dioxidesaa;sugar 4 -strontium 
carbonate. 

The less soluble strontium carbonate is removed from the solution 
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and the strontium oxide is recovered by heating it. Calcium oxide 
has been used for the same purpose, but calcium saccharate is more 
soluble. The use of barium is undesirable on account of the 
poisonous properties of barium salts. 

Peroxides* — All the alkaline-earth metals form peroxides of 
formula MO 2 , insoluble or slightly soluble in water, and precipitated 
from solutions of salts of the alkaline earths by hydrogen peroxide 
in alkaline (e.g. ammoniacal) solutions, or by a solution of sodium 
peroxide: 

Ca*-fH A+20H'=Ca02 j + 2 Rfi. 

Ca’*+Na202=Ca02 4' +2Na . 

All are white solids that on strong heating decompose into oxygen 
and the normal oxide, but very diSerent temperatures are required. 
While the pressure of oxygen in equilibrium with calcium and 
strontium oxides exceeds one atmosphere at low temperatures, 
with barium oxide a pressure of one-fifth of an atmosphere is not 
reached till about 700®. Consequently the peroxides of calcium 
and strontium are decomposed by heating (calcium peroxide de- 
composes rapidly at 280®), whereas barium peroxide is stable in 
air up to about 700®, when the equilibrium pressure of oxygen is 
equal to the partial pressure of oxygen in the atmosphere. At 
lower temperatures barium oxide will take up oxygen from the air, 
though the velocity of this reaction at room temperature is im- 
measurably small. At about 100® it is, however, fairly rapid, and 
this was the basis of the old Brin process tor oxygen manufacture. 
Barium peroxide was made by gently heating barium oxide in the 
air and then decomposed by reducing the pressure, which was 
cheaper than heating to above 700®. 

When precipitated from cold solutions all the peroxides appe^ 
as octa-hydrates such as Ba02.8H20. They are insoluble in 
alkalis, but with acids give hydrogen peroxide and a salt: 

Ba02“f“2H =Ba -j-H202. 

This reaction was formerly used in the preparation of hydrogen 
peroxide. When barium peroxide is treated with dilute s^phuric 
acid it is converted to the much less soluble barium sulphate, but 
the action is a slow one and slightly reversible: 

BaO*^. +H2S04^BaS04 1 +H 2 O 2 . 

Barium peroxide can be estimated by treating it with ferricyanides, 
with which mutual reduction takes place, the products being 
oxygen and a ferrocyanide: 

Ba02+2Fe(CN)2"'«Ba-+02 f +2Fe(CN)«'''^ 
Cterkiiitei.--T^ carbonates ol all the alkaline-earth metals 
^cur in natute. rAyitim carbonate occurs in several forms whidh 
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have steady been xnentioned. Among them is Iceland spar, which is 
sometimes found in ^e large crystals remarkable for double refrac- 
tion. The deo^tnposition of limestone by heat is the source of most of 
the carbon dioxide and quicklime of commerce* In the laboratory 
carbon dioxide is prepared by treating lumps of marble with dilute 
^ds, often in Kipp's apparatus: if a powdered form of the carbonate 
is used, the evolution of gas is inconveniently rapid. 

All three carbonates are nearly insoluble in wated strontium 
carbonate being the least soluble and calcium carbonaiL the most; 
but a litre of a saturated solution of the latter at room mmperature 
contains only about o *02 gm. They are therefore precipitated when 
soluble carbonates are added to alkaline-earth salt solutions, and 
can be precipitated from these solutions by carboh dioifide if the 
solutions are sufficiently alkaline for the carbonate ion cbncentra- 
tion to reach a reasonable value: 

C0j+20HVC0,"+H,0. 

A solution of lime-water fulfils this condition, but no calcium 
carbonate can be precipitated by carbon dioxide at atmospheric 
pressure from a solution of, say, calcium chloride. The solubility 
of calcium hydroxide so greatly exceeds that of calcium carbonate 
that the former can be nearly completely converted to the latter 
by carbon dioxide and water or by carbonates: this is the basis 
of one method for making caustic soda from sodium carbonate 
(P*438): 

Ca(OH)* \ +CO, VCaCO, \ + 2 OH'. 

The calcium carbonate precipitated by carbon dioxide from lime- 
water is seen to redissolve if the stream of gas is continued. This 
is due to the formation of the soluble bicarbonate, Ca(HCO,)„ as 
follows: 

CaCO, I +CO,-f H,O^Ca' + 2 HCO,'. 

If the solution is boiled it decomposes, like all bicarbonate solutions, 
and the carbonate is reprecipitated; the action represented by the 
equation just given simply goes in the opposite direction. This 
is because the active mass of the carbon dioxide in the solution is 
extremely anall owing to the low solubility of the gas in hot water. 

HlbMet.'— These compounds are prepared by heating the element 
in nitrogeff. They have formulae suchras CagiN,, and are decomposed 
i/y water m: steam with the formation of ammonia: 

Ca,N,-f 6H,0»2NH, t + 3 Ca(OH), 

ilHiii — Tbe haKdes of the alkaUne - earth metals are 
uwa be mepased the ususl methods. With the exception 
[^‘ftimides, they tm show evidence of covalency,, though m 

main th^ ebctrovalent coo^poontb. The addence for 
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covalency is (i) considerable variation with dilution of the transport 
number; (2) solubility in orga^c solvents; (3) low melting-point 
in comparison with the fluoride. This tendency is much more 
pronounced with calcium than with barium; strontium is inter- 
mediate but inclines to calcium. The melting-points, some of 
which are based on rather uncertain data, are shown in the table 
(in degrees C.) : 

Fluoride Chloride Bromide Iodide 
Calcium 1330 780 760 740 

Strontium > 1450® 870 640 500 

Barium 1280 960 880 740 

In the nearly insoluble fluorides the solubility increases from 
calcium to barium, in the other halides the reverse order is followed. 

Fluorides, — Calcium fluoride, CaFg, occurs in nature as crystals 
of fluorspar, sometimes brilliantly coloured and in Derbyshire 
known as ' blue John ' or * green John.* It is the principal 
source of fluorine compounds, and is also used in some optical 
apparatus, as it is transparent in the infra-red and ultra-violet 
regions of the spectrum. 

The solubility of all three fluorides is very slight, and they can 
be precipitated with a soluble fluoride from solutions of salts of the 
alkaline-earth metals. Calcium fluoride is sufficiently insoluble 
to be used in the quantitative analysis of fluorides. 

Chlorides , — Calcium chloride, CaClg, is produced in very large 
quantities as a by-product of several industrial processes, notably 
the Solvay process. It is exceedingly soluble in water, with which 
it forms hydrates containing one, two, four, and six molecules of 
water per molecule of calcium chloride. Its solubility in gram- 
molecules per litre is so high that it is often used in the preparation 
of freezing-mixtures; the eutectic mixture freezes at —55® and 
contains about 40 gm. anhydrous salt per 100 gm. water, A 
saturated solution boils at 180®. Calcium chloride has been used 
for melting ice on the streets. It deliquesces rapidly in the air, 
and is much used in the laboratory as a drying agent for gases, 
though it is not as efficient as sulphuric acid or phosphorus p^t- 
oxide. It cannot be used for drying ammonia, as it combines 
avidly with the gas, forming a compound CaClg.SNHg, Similarly, 
it must not be employed in drying amines, such as aniline. Formerly 
a waste product of chemical industry, it now finds a wide range of 
industrid and commercial applications. 

The transport number of the chloride ion in calcium chloride 
solutions varies from 0*55 in very dilute solutions to 0^72 in con- 
centrated <Hies, and this is evidence for the existence of undissodated 
molecides or complex ions. Strontium and barium chlorides show 
less variation* Calcium chloride is very soluble in the alcohols. 
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with which it forms molecular compounds; strontium chloride is 
less soluble and barium chloride scarcely dissolves at all. 

When the chlorides are fused in air, a trace of oxide is found in 
the product; this is due not to hydrolysis but to reaction with 
atmospheric oxygen: 

2CaCl2 +O2 =2CaO +2CI2. 


The change is most marked with calcium and least marked with 
barium. f 

If anhydrous calcium chloride is dissolved in water h^t is given 
out, and it might be supposed from Le Chatelier's r^ that the 
solubility would decrease with rising temperature. Tlds is not 
so, as the solution at this temperature is in equilibrium not with 
the anhydrous salt, but with the hexahydrate. If the heat of 
formation of the hexahydrate from the anhydrous salt is subtracted 
from the total heat of solution, the result is negative; and heat is 
absorbed, as would be expected, when the hexahydrate dissolves. 

The bromides and iodides are all very soluble in water, and all 
form hydrates. The calcium and strontium salts dissolve in 
alcohol, but the barium salts are less soluble. 

Bleaebing-powder is a rather dirty white powder made by the 
action of chlorine upon nearly dry slaked lime (the proportion of 
moisture is not allowed to exceed 4 per cent). In Bachmann’s 
process the slaked lime is blown to the top of a chlorinating tower by 
means of compressed air, and is distributed to the highest floor of 
the tower through a hopper. It then falls to successive lower floors, 
on each of which it is mechanically raked, while a current of chlorine 
is driven up the tower in the opposite direction. Conditions are so 
adjusted that by the time the product reaches the last floor it is 
fuUy chlorinated. Hot air is now blown through it to remove free 
chlorine, and the bleaching-powder falls into a hopper from which 
it can be delivered into containers. 

Bleaching-powder (' chloride of lime ') is a mixture of calcium 
hypochlorite, Ca(OCl)2, with basic calcium chloride monohydrate, 
CaCl«.Ca(0H)2.H20. Its formation may be represented by the 
equation: 

3Ca(0H)2+2Cl2=Ca(OCl)2+CaCVCa(0H)2.H2O+H20. 


^The main reaction is, however, accompanied by side-reactions, so 
pthat impurities are always present. TTiese include calcium chlorate, 
^(QOa)2i and calcium chloride tetrahydrate, CaCl2.4H20, as well 
^ some unchanged slaked lime. 

I When dilute acids act upon bleaching-powder, chlorine is evolved: 

I Ca<0QL+CaCl2Xa(OH)2.H20+3H2S04=-3CaS04+5H20-h2Cl^ 
i Ca<^2+CaCl2.Ca(01^2H20+6Ha«3CaCl2+5H20+2Cl*. 
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A calculation will show that a mixture of the composition assigned 
to bleaching-powder should liberate 41 per cent of its weight of 
chlorine, and this is the approximate actual yield from a very good 
specimen. The ordinary commercial product contains 36-40 per 
cent of such ' available ' chlorine, i.e. chlorine set free by the action 
of a dilute acid. If the lime is insufficiently chlorinated, the product 
naturally contains a lower percentage of available chlorine. 

On exposure to air, bleaching-powder gradually loses chlorine, 
owing to the action of carbonic acid (atmospheric moisture and 
carbon dioxide): 

Ca(0Cl)a+H20+C02=CaC03+2HC10 

2HC10=2HC1+02 

HC10+HCl=H20+Cl2. 

It should therefore be preserved in air-tight tins or bottles; but 
even so it slowly deteriorates, partly by loss of oxygen from the 
hypochlorite: 

Ca(0Cl)2==CaCl2-f02, 

and partly by spontaneous conversion of the hypochlorite into 
chlorate and chloride : 

3Ca (OCl) 2 =Ca(C103) 2 +2CaCl2. 

The decomposition of the hypochlorite into chloride and oxygen 
is catalysed by cobalt salts. If a suspension of bleaching-powder is 
heated with a little cobalt nitrate solution a vigorous evolution of 
oxygen occurs. It is thought that the mechanism of this catalysis 
may be the alternate formation and decomposition of cobalt 
peroxide : 

2CoO+Ca(OCl)2=2Co02+CaCl2 

2 C 0 O 2 — 2 C 0 O+O 2 . 

‘Hie original cobaltous oxide, CoO, is formed by the action of the 
lime in the bleaching-powder: 

Co(N 03 ) 2 +Ca(OH) 2 ==CoO+Ca(N 03 ) 2 +H 20 . 

A fabric to be bleached is steeped in a dilute solution of bleaching- 
powder and then exposed to the air for some time. Atmospheric 
‘ carbonic acid ' liberates hypochlorous acid, HCIO, from the 
Weaching-powder, and this destroys the colouring matter. The 
fabric is then rinsed in water acidified with a little sulphuric acid, 
to decompose any unchanged bleaching-powder, and is after- 
)^rds placed in an antichlor bath. Finally it is thoroughly washed 
in wate. 
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The available chlorine in bleaching-powder may be estimated by 
taking a known weight of the sample, mixing it in solution with 
excess of potassium iodide, and acidifying with acetic acid. The 
chlorine liberated from the bleaching-powder by the acid displaces 
from the iodide an equivalent weight of iodine, which can be 
estimated with standard sodium thiosulphate: 

I litre N/ic Ivaj^SjOgSia-y gm. 1 = 3*55 chloi^ne. 

Owing to its strong oxidizing power, bleaching-powdef is a good 
germicide and is widely used as a disinfectant. I 

Calcium iodate, Ca(I03)2, is used as a preservative of\food. It 
is more efficient than boric acid, and is good for the health, which 
boric acid is not. 

Sidphides. — These compounds are prepared (i) by union of the 
elements; (ii) by heating the oxide in a stream of hydrogen sulphide 
(the action is reversible) : 

Ca0+H2S^CaS+H20; 

(iii) by reducing the sulphates, as for instance with carbon. This 
reaction is used in the preparation of barium compounds from the 
insoluble heavy-spar {BaS04), which is heated with coal: 

BaS 04 + 4 C=BaS+ 4 C 0 f . 

The mass is then extracted with water and the barium goes into 
solution as hydrosulphide: 

2BaS+2H20=2Ba**+2SH'+20H'. 

Hydrosulphides such as Ca(SH)2 are also produced in solution when 
hydrogen sulphide is passed into suspensions or solutions of the 
hydroxides: 

H^S+OH'^HS'+HgO. 

The monosulphides are colourless solids that have the power 
of glowing in the dark if certain impurities are present; the pure 
sulphides do not phosphoresce. The monosulphides are almost 
insoluble in cold water, but if the temperature is raised they are 
hydrolysed, the first products being hydrosulphides. Hydrosuh 
phide solutions are decomposed on boiling into hydroxide and 
hydrogel i^phide: 

HS'+HP-H^S t +OH'. 

Cpdcium sulphide is slowly oxidized to thiosulphate by air and 
water, hud most of the sodium thiosulphate of commerce is obtained 
in tiiis wi^y from the calcium sulphide which is a by-product of the 
Oid LahWLANC I»* 0 cess f<wr the manufacture of washing-soda. When 
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heatad in oxygen, the sulphides of the alkaline-earth metals are 
easily converted to sulphates: 

CaS+ 20 a=CaS 04 . 

Polysulphides such as CaS^ or CaS^ can be obtained by boiling 
the sulphide or hydrosulphide solutions with sulphur. The alkali- 
metals and amnionium, whose monosulphides are also soluble in 
water, form similar compounds, which appear to contain neutral 
sulphur atoms combined with a bivalent sulphide ion to form a 
bivalent complex ion. 

Sulphates. — All three sulphates occur native, and as they are 
all nearly insoluble in water they can also be precipitated by soluble 
sulphates from solutions of alkaline-earth salts. The approximate 
solubilities have already been given (p. 489). A saturated solution 
of calcium sulphate will form a precipitate with barium solutions 
or reasonably concentrated strontium solutions, and is used in 
distinguishing these elements from calcium. Barium sulphate is 
a very insoluble substance and is much used in quantitative analysis. 
It is, however, soluble in concentrated sulphuric acid (150 gm. per 
litre in the 98-per-cent acid at 25®), with which it forms the hydrogen 
sulphate, Ba(HS04)2. 

When gypsum, CaS04.2H20, the naturally-occurring dihydrate 
of calcium sulphate, is heated at no® it is converted to the hemi- 
hydrate 2CaS04.H20, called plaster of Paris, If this substance, 
in the form of a very fine powder, is mixed to a paste with water, 
it soon swells a little and sets to a hard mass of the dihydrate. 
This property is put to use in making casts of objects and in making 
plaster for other purposes. If too strongly heated, say at 200®, 
gypsum is converted to anhydrous calcium sulphate, which takes 
up water only very slowly and is not suitable for the preparation 
of quick-setting plaster. 

Natural anhydrite is used in the manufacture of axnmonimn 
sulphate from sjmthetic ammonia. A saturated solution of am- 
monia is agitated with finely-powdered anhydrite, CaS04, while 
carbon dioxide is bubbled through the liquid, forming a carbonate, 
since the ammonia keeps it alkaline. The solubility of calcium 
sulphate at the working temperature is about a hundred times that 
of calcium carbonate, so the action: 

CaS04 j -{-C0,";c^CaC03 1 +SO4", 

goes almost wholly to the right. The calcium carbonate is removed, 
2md used to make calcium nitrate with s3nithetic nitric acid, while 
fhe ammonium sulphate is recovered from the solution by evapota- 
tion. T^ process is used at Bfllingham-on-Tees. 

Nttmtos. — ^The nitrates, such as Ca(N03)a, are prepared by the 
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usual methods, and calcitun nitrate is prepared on the large scale 
as described above, for use as a fertilizer. Since barium nitrate is 
not very soluble in water, it can be precipitated from concentrated 
barium solutions by nitric acid or other soluble nitrates, but stron- 
tium and calcium nitrates are both deliquescent and exceedingly 
soluble in water. The high solubility, of the calcium salt is a 


disadvantage when it is used as a fertilizer, as it is so quickly 
washed from the soil by rain. Calcium nitrate is also very soluble 
in the alcohols, whereas strontium and barium nitrates We nearly 
insoluble. All three nitrates decompose on strong heatW, giving 
a mixture of gases and the oxide of tW metal. v 

Phosphates. — Calcium orthophosphate, CajiPOJj, occur^ in bones 
and is found native in various parts of the world, especially in Tunis 
and the United States. Guano, the droppings of sea-birds, after 


long exposure to the atmosphere consists principally of calcium 
phosphate. Calcium phosphate is a valuable manure, but since 
the mineral forms of the substance are insoluble in water the 


crushed ore is converted by sulphuric acid to a mixture of calcium 
sulphate and calcium superphosphate, a substance with the formula 
CaH^iPOi),, which is soluble in water: 


Ca,(P04),H-2H,S04=2CaS04-fCaH4(P04)*. 


The mixture is sold and applied direct to the land. 

Calcium phosphate (from bone-ash) is used in the manufacture 
of phosphorus (p. 6i6) and of table salt (p. 446). The normal 
phosphates of strontium and barium are likewise insoluble, and all 
tWee are precipitated by soluble phosphates from solutions of salts 
of the metals. 


duomates. — Barium chromate, BaCrO*, is practically insoluble, 
strontium chromate very slightly soluble, and calcium chromate 
fairly soluble. At 18® the solubilities in grams per litre are; 
BaCr04 0-004, SrCrO* i*2, CaCrO* 23*2. This is made use of in the 
separation of the elements of the subgroup. 

Separation ot the Alkaline-earth Metals.— The principal methods 
are based on: 


(i) The insolubility of barium chromate. 

(ii) The insolubility of calcium fluoride. 

(iu) The insolubility of barium sulphate. 

(iv) The insolubility of strontium and barium nitrates in alcohol, 
in wUch calcium nitrate is soluble. 

The ins^bility of calcium oxalate is also frequently made use of 
in ansdys^ 
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Subgroup B 

Zinc, Cadmium, Mercury 

Zn = 65*38- Atomic Number, 30 
Cd =112*41. Atomic Number, 48 
Hg =200 *61. Atomic Number, So 

The general characteristics of the subgroup have already been 
discussed: but there is a much wider variation Wween the elements 
than occurs in Subgroup A. Cadmitim resembles zinc much more 
than it does mercury, which is in many respects unique among the 
elements, and must be separately considered. The principal com- 
plexes, excluding auto-complexes, are those with ammonia (e.g. 
Zn.4NH8** or Hg.2NH8"), with cyanides (e.g. Zn(CN)4'' or undis- 
sociated Hg(CN)2), and with halides (e.g. Cdl4* or Hgl4'"). 

The compounds of all these elements are poisonous, especially 
those of mercury. 

Zinc and Cadmium 

History. — Though brass was known at least a thousand years 
before the Christian era, the term zinc, as the name for a distinct 
metal, seems to have been invented by Paracelsus (1493-1541). 
In his Liber mineralium he says that ‘ there is another metal, 
zinckum, which is in general unknown to the fraternity,* but admits 
that he is as yet unacquainted with its tUtima materia, Henckel 
(1720) prepared metallic zinc comparatively free from impurities, 
and by 1740 Champion had established at Bristol a works for 
extracting the metal from calamine (ZnCOg). 

Cadmia (CdO) was discovered by Strohmeyer in 1817, in the 
dust in the condensers of a zinc works at Salzgitter. Karsten 
(1819) showed that the new element was present in the zinc ores 
of Silesia, and the metal itself was shortly afterwards prepared by 
Strohmeyer by reduction of the oxide with charcoal. 

Ocourrenoe. — Zinc is an abxmdant element produced principally 
in the United States, Germany, Great Britain, Poland, and Bel^um, 
where it occurs as zinc spar or calamine, ZnCOsl zinc blende, ZnS; 
mllemite, Zn2Si04, and in other minerals. Cadmium is much 
common ; nearly aU the cadmium of commerce is extracted from zinc 
ores, and the only important cadmium mineral is greenockUe, CdS. 

Extraciioii. — ^Zinc ores are first roasted in the air. Tte s^phide 
is converted to oxide, and evolves sulphur dioxide, which in large 
works is sometimes recovered, while the carbonate is also convert^ 
to oxide with the loss of carbon dioxide: 

2 ZnS-f 302 = 2 Zn 0 + 2 S 0 *. ZnCO^^ZnO+COf 
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The silicate loses the water associated with it. This treatment 
also helps to remove any arsenic or antimony in the ores as the 
volatile oxides. 

The product of the first operation is mixed with coal and distilled 
in small fireclay retorts which are heated by producer-gas. The 



Fig. 1 1 8. Zinc Distillation (Diagrammatic) 


zinc distils over and is collected in iron condensers luted (i.e. 
cemented) to the retorts, while the carbon monoxide passes up 
the chimnev: 

ZnO+C=Zn+CO f . 

It usually bums at the mouth of the condenser, and the appearance 
of the flame helps the works engineer to follow the progress of the 
distillation. 

The zinc obtained in this way is then refined by electrolysis. 
The standard electrode potential of zinc is — 0*76 volts (H2==o), but 
the over-voltage of hydrogen on a smooth zinc cathode nearly 
reaches this fi^re, and consequently zinc can be electrolytically 
deposited if the acidity of the solution is kept low enough. 

Cadmium boils at 780® and zinc at 920®, so that when zinc ores 
containing cadmium are distilled the first fraction consists almost 
aitirely of cadmium. A good deal of cadmium oxide is also 
commonly foimd in the condenser, so the distillate is mixed with 
coal and again fractionally distilled. 

Stotali* — Commercial zinc (* spelter ’) contains cadmium, iron, 
lead, and sometimes arsenic. It is difl&cult to purify, but may be 
disti^d in ^acuo or purified electrol3rtically. The volatile zinc 
ethyl, Zn(CtHB)2, has also been used in the preparation of pure 
zinc compound. — 

Crystals of pure cadmium may be obtained by adding zinc, which 
precipitates the less electropositive cadmium from its solutions, 
to a soluticm of a good specimen of cadmium sulphate. 

metafls are greyidj-white and are fairly soft,' especially u 
purA The physicd properties of zinc depend very much on its 
state# polity, smd this also affects the velocity of chemical ch^ges 
m il takes fsrt* It is supplied to the laboratory as foil, as 
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2inc dust, or as grauulated zinc, obtained by pouring molten June 
into water. Zinc is tolerably malleable, but must be warmed 
before it is drawn into wire. 

Zinc and cadmium are stable in dry air, but in moist air become 
coated with a film of oxide and carbonate which prevents further 
attack of the metal. Iron is protected from rusting by covering 
it with a layer of zinc; this is done either electrolytically or by 
dipping the iron in molten zinc, and the product is called ‘ gal- 
vanized iron.* In the air molten zinc and cadmium are quickly 
covered with a layer of oxide, and if heated in oxygen they will 
burn. They will slowly decompose boiling water, but they soon 
become covered with a film of hydroxide, and zinc will not readily 
liberate hydrogen from any dilute solution — acid or alkaline — 
if the metal is very pure. This is connected with the high over- 
voltage of hydrogen at a zinc cathode, for which no explanation is 
quite generally accepted. 

Zinc and cadmium dissolve in acids to form solutions of their 
salts, and will also dissolve slowly in solutions of caustic alkalis, 
but cadmium is not attacked to the same extent as zinc. Both 
metals will liberate a little hydrogen from solutions of ammonium 
salts, forming complex ions (Zn.4NH8)" and (Cd.fiNH,)*'. With 
hot concentrated sulphuric acid, sulphur and hydrogen sulphide or 
sulphur dioxide are obtained. 

Uses. — ^Zinc is used in the manufacture of galvanized iron, in 
alloys such as brass and coinage metals, and in electric batteries; 
it is the cheapest of the more electropositive metals. In the 
laboratory it is used as a reducing agent, chiefly in analytical and 
organic chemistry. Cadmium finds a limited use in the manufac- 
ture of fusible aUoys, of standard cells, and in plating the bright 
parts of motor cars and bicycles. Cadmium is tougher and less 
easily corroded than zinc. 

Oxides and Hydroxides. — The oxides are obtained by burning 
the metal in air or oxygen, or by heating the hydroxide or carbonate. 
Zinc oxide, ZnO, is white; it becomes yellow on heating but loses its 
colour again on cooling. Cadmium oxide, CdO, is brown. Both 
oxides are stable compounds which can be reduced by hydrogen 
only with difficulty. Zinc oxide is used in paints and ointments: 
zinc oxide paint, unlike white lead, is not affected in colour by 
hydrogen sulphide, as zinc sulphide is white. The very finely- 
divided form obtained by burning the metal in air is the best for 
making paint. 

The hydroxides Zn(OH)j and Cd(OH)8 are colourless compound 
precipitated from zinc or cadmium solutions by caustic alkalis # 
They spre readily converted to oxides when heated to 300® or over. 
They ^ practically insoluble in water. Both of them will disadve 
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in acids to form solutwns of zinc or cadmium salts. Zinc hydroxide 
has also distmct acidic properties, and when precipitated by caustic 
alkalis will dissolve in excess of the reagent, forming a zincate: 

^ Zn{0H)2+20H';?2^Zn0/+2H20. 

The solutions are decomposed on boiling and zinc hydroxide is 
deposited. By adding alcohol to solutions of zinc hydroxide in 
very concentrated caustic potash, crystals of potassium zincate, 
KaZnOg, can be obtained; they are hydrolysed by vlater. The 
same compound can be prepared by fusing a mixture of^zinc oxide 
and caustic potash: 

ZnO+zKOH^KgZnOa+H^O t • 

Cadmium hydroxide is not sufficiently acidic to dissolve in 
aqueous alkalis, but cadmiates resembling the zincates can be 
obtained by fusing cadmium oxide with solid caustic potash. 
Both zinc and cadmium hydroxides are slightly soluble in aqueous 
ammonia, but it can be shown that this is not due to the increased 
hydroxyl ion concentration of the solution and the resulting 
formation of zincates or cadmiates, since 

(i) the hydroxyl ion concentration of the ammonia solution 
is much less than that of caustic alkali solutions too weak to 
dissolve cadmium hydroxide; 

(ii) solutions of the substituted ammonias such as (C2H5)4N0H, 
which are stronger bases than ammonia, have a smaller 
solvent effect; 

(iii) on electrolysis the zinc concentration increases round the 
cathode, and not round the anode, as would be expected 
were one of the ionic species ZnOg"", and as does actually 
happen in solutions of an alkali-metal zincate. 

It is therefore inferred that the oxides have dissolved to form 
complex ions, and the law of mass-action applied to the solubility- 
rebtions shows these ions to be chiefly (Zn.^NHg)” and (Cd.bNHs) *. 

peroxides* — When hydrogen peroxide is added to zinc hydroxide 
and water, a substance is obtained which may be Zn0.H202 but is 
more probably Zn02.Ha0. It is not -very stable, and on heating 
readily loses oxj^en: cadmium peroxide is similar. Neither can 
be prepared free from water and the lower oxide. With acids they 
yield hydrogen peroxi^te ^d a solution of a salt of zinc or cadmium. 

occures native (p. 501). ‘ It is the finm 
product of tiie iactbn pf rtjoist air on zinc. The carbonates of both 
zinc and cadmium are much less soluble than, for example, m^' 
nesium carbonate, arid may be precipitated fairly pure by adding 
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soluble carbonates to solutions of their salts under suitable con- 
ditions, but the product ^ways contains a little hydroxide. This 
may be avoided by passing carbon dioxide through the solution, 
or by using sodium hydrogen carbonate, whose solutions are much 
more acid than those of sodium carbonate, for the precipitation. 
Both carbonates are readily converted to the oxides on heating. 

Halidesu — Solutions of the halides of zinc and cadmium may be 
prepared by the usual methods, but on evaporation of these solu- 
tions (except that of the fluoride) hydrates are obtained which lose 
halogen acid by hydrolysis on further heating, leaving a basic salt, 
though this is much more marked with zinc than with cadmium, 
for the low dissociation of cadmium salts reduces their hydrolysis. 
The anhydrous halides must therefore be prepared by the action of 
the halogen or the hydrogen halide on the metal. All the anhydrous 
salts except the fluoride are converted to the oxide on heating in 
air. They are all soluble in organic solvents, the fluoride again 
excepted, and are very soluble in water; the fluorides are slightly 
soluble. The salts have a very great tendency to auto-complex 
formation and are probably partly covalent. In methyl alcohol, 
so far as they have been examined, they are weak electrolytes. 
Except the fluorides, they form numerous hydrates and have a 
great avidity for water. The solutions are markedly acid from 
hydrolysis. The melting-points are given below in degrees Centi- 
grade: note the high values for the fluorides as compared with the 
remainder: 

Fluoride Chloride Bromide Iodide 
Zinc 872 283 394 440 

Cadmium iiio 568 583 388 

Chlorides , — ^Zinc powder or thin zinc foil will bum spontaneoudy 
in chlorine, forming the anhydrous chloride, ZnClg, a glassy, very 
hygroscopic substance used in the laboratory as a desiccating 
agent. Cadmium chloride is a crystalline substance which can 
also be prepared by the union of the elements. Several hydrates 
of both salts are known, and the anhydrous compounds com- 
bine avidly with ammonia to form compounds, ZnCl2.6NH3 
and CdClg.flNHs. Double compounds, such as aKCLZnCl® or 
2KCl.CdC4.7HaO, are also very common in the solid state. Zinc 
chloride solutions, if suf&dently concentrated, will dissolve cellu- 
lose; on diluting the solution^ with water, the cellulose is repredpi- 
tated. This was formerly used in the manufacture of carbon 
laments for dectric lamps by a squirting process follow^ by 
incomplete combustion. Solutions of zinc chloride, which is 
poisonous, like all zinc salts, are used in preserving wooden 
sleepers. 
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By heating either the anhydrous or the hydrated salts in air or 
oxygen numerous oxychlorides can be obtained, and a cement used 
for stopping teeth, and similar to magnesium oxychloride cement, 
is made from a mixture of zinc oxide and zinc chloride. 

Bromides . — ^Pure zinc bromide was used by Richards and Rogers 
in the determination of the atomic weight of zinc. It was prepared 
by the union of the purified elements, and further purified by 
distillation at about 700® in an inert atmosphere. | 

Iodides . — ^Zinc and cadmium iodides are well known! for auto- 
complex formation. The transport-number of the cadmium ion 
in concentrated solutions of the iodide, as calculated fr^n migra- 
tion experiments, has a large negative value, so mupfi of the 
cadmium travels to the anode in the form of complex ipns such 
as CdI4^ 

Sulpwes* — ^Zinc sulphide, ZnS, occurs native as blende. The 
precipitation of the sulphides of zinc and cadmium by hydrogen 
sulphide has already been discussed (p. 196). Zinc sulphide is 
white and cadmium sulphide primrose yellow; the latter is used 
as a pigment. In the presence of certain impurities, zinc sulphide 
phosphoresces, and is used on screens in experiments on radioactivity. 
The pure substance has not this power. 

Sulphates. — ^The sulphates are colourless compounds which can 
be obtained by the usual methods: the hydrates in equilibrium 
with the saturated solution at room temperature are ZnS04.7H20 
and 3CdS04.8Hj0. Unlike magnesium sulphate, the sulphates of 
zinc and cadmium can be dehydrated without decomposition. 
They are both very soluble in water: the solubility of the cadmium 
salt has a low temperature-coefficient round about room temperature, 
and it is used in Weston cells (p. 248). The principal use of zinc 
sulphate is in the manufacture of lithopone, a white pigment con- 
sisting of a mixture of barium sulphate and zinc sulphide. It is 
prepared as a precipitate by mixing solutions of zinc sulphate and 
barium sulphide. 

— These can be prepared by the usual methods in the 
fonxi of several hydrates, but it is doubtful whether all the water 
of hydration can be removed without decomposing the salt, which 
readily loses nitric acid on heating. The hydrates both of zinc 
and cadmium nitrates are very soluble in water and also dissolve 
without difficulty in alcohol. 

Pll0iq;dhat6S« — ^Zinc and cadmium resemble magnesium in 
formation of an insoluble compound ( (NH4)ZnP04 md {NH4)CdP04) 
when solutions of their salts are treated with a solution bf anmomum 
dihydrogen phosphate, (NH4)H4P04. On heating the precipitate, the 
pyraphosphates Zn^PijO^and Cd^f^O^Sixe obtained, and this process 
& used in the gravipetric analysis of zinc and cadmium. 
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Sepdifttion of Zinc ud CadmiunL — Zinc and cadmium compounds 
may be separated 

(i) by electro-deposition of the cadmium (p. 266); 

(ii) by precipitation of the cadmium as sulphide (p. 196) ; 

(iii) by extracting the mixed hydroxides with aqueous caustic 
potash; 

and by other methods. 


Mercury 

The principal differences between mercury and the other members 
of the subgroup ^e its low meltmg-point, high density, and positive 
electrode potential, the predominantly covaJent character of most 
of the mercuric compounds, and the existence of a whole series of 
organic compounds and of the mercurous salts and the amalgams. 

History. — Mercury has been known in the elementary state since 
very early times; thus a small vessel filled with mercury was found 
by SCHLIEMANN in a grave considered to be of the sixteenth or 
fifteenth century b.c. Pliny (first century a.d.) distinguishes 
between the native metal, which he calls argentum vivum (* quick- 
silver'), and hydrargyrum ('liquid silver') prepared from cin- 
nabar (HgS) by powdering the latter with vinegar in a copper 
vessel. This method of extraction was mentioned by Theophrastus 
in his book on Stones, about 300 B.c. Among the alchemists, 
mercury was frequently regarded as the seed of all metals, while 
the alternative theory, which regarded metals as compounds of 
mercury with sulphur, was commonly accepted for a period of 
over a thousand years (see Historical Introduction). The fact 
that mercury is definitely a metal was confirmed by Braun (1759- 
1760), who observed that it could be frozen in a freezing-mixture. 

Oooaneiice. — Mercury is one of the scarcer elements. The most 
important deposits are in California, at Almaden (Spain), in Idria, 
and in Mexico, where the mercury occurs as the sulphide ciniuibar, 
HgS, mixed with small quantities of the native element. 

Extraotion.----There are two processes for extracting mercury 
fron\ cinnabar. They are both carried out at temperatures above 
the boiling-point of the element, so that it distils over and can be 
collected in condensers. In the first process the cinnabar is roasted 
in air: 

HgS+Oi=Hgt-}-SOat. 

In the seccmd the ore is mixed with quicklime and heated in retorts 
in the absence of air. A mixture of calcium sulphide and sulphate 
remains in tie retort: 

4HgS+4CaOs=a4l^g t + 3 CnS+CaS 04 . 
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At Almaden, in Spain, where the first process has been worked 
for centuries, the condensers originally designed in 1633 in Peru 
are still in use; they are small earthenware cylinders called aludeh 
and are arranged in rows. 

Puxiflcation. — ^The first step is to filter the mercury through 
chamois leather, an operation first described by Pliny. The 
more electropositive metals, such as zinc, cadmium, 01; lead, are 
then removed by passing the metal in a rain of small drops through 
very dilute nitric acid: the operation can be made continuous if 
the apparatus is combined with an air-lift attached to a fitter-pump. 
The metal is then dried with filter-paper and again filterei^ through 
leather, and is then distilled in a vacuum or in carboil dioxide 
under low pressure. 

MetaL — ^Mercury is a heavy grey liquid, density 13*59, freezing 
at —39® and boiling at 360®. The vapour is monatomic. The 
metal is appreciably volatile even at ordinary temperatures. It 
is stable in the air, but is slowly converted on heating to the oxide 
HgO. It is attacked by ozone, which covers it with a thin film of 
oxide and causes it to ' tail ' — ^i.e. to adhere in small flecks to a 
glass surface. It will not reduce steam. 

Mercury is unaffected by dilute hydrochloric or sulphuric acid, 
but dissolves in the hot concentrated acids to give hydrog'en and 
sulphur dioxide respectively. It is unaffected by very dilute 
nitric acid, but with fairly concentrated acid pure nitric oxide 
can be obtained, with mercurous nitrate in solution: 

6Hg+8HN08=3Hg2{N03)2+2N0 f +4H2O. 

Mercury reacts vigorously with the halogens in the cold. 

The metal is used in scientific instruments and laboratory 
apparatus (e.g. the pneumatic trough), and in the electrical industry. 
It is the international standard of resistance. Fairly large quan- 
tities are used in some types of electrolytic cell (p. 438). Mercury 
was formerly used in the extraction of gold and silver by the amal- 
gam process. Constipation was formerly treated by giving the 
patient a pound or two of mercury to swallow, and mercury ointment 
is still used in the treatment of certain diseases. 

Oxid^ — ^The hydroxides of mercury are very unstable and need 
not be considered here: indeed, their existence is open to doubt. 

Mercurous oxide, HgjO, is a black substance, insoluble in water, 
prepared by the addition of caustic alkalis to solutions of mercurous 
salts. It is an unstable compound that slowly absorbs oxygen 
from the air to form mercuric oxide, and by heat or light is readily 
deccmposed into mercuric oxide and mercury. 

Mercuric oxide, HgO, can be prepared by heating mercury in 
or oxygen, but this method is very slow. It can also be made by 
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heating mercuric nitrate, or precipitated by caustic alkalis from 
solutions of mercuric chloride. 

It occurs in two forms, one red, the other yellow. As the red 
variety can be converted to the yellow by grinding, it is probable 
that the difference in colour is due to a difference in the size of the 
grains. On heating to about 650®, the oxide is decomposed into 
oxygen and mercury, which volatilizes; this is in marked contrast 
with the behaviour of the oxides of other Group II elements. It 
is also easily reduced to the metal by hydrogen on warming or by 
carbon monoxide in the cold. 

The oxide, which is almost insoluble in water, dissolves in acids 
to give solutions of mercuric salts, but shows only the feeblest 
acidic properties. It does not dissolve to any significant extent 
in aqueous alkalis, and the products obtained by dissolving it in 
fused alkalis at high temperatures cannot exist in presence of water. 
The oxide is, however, distinctly soluble in solutions of the alkali- 
metal chlorides, bromides, and iodides — the solubility increases in 
that order — and application of the law of mass-action shows the 
equilibrium to be: 

Hg0+4r-t-H20^Hgl4"+20H'. 

This has been made use of in the preparation of solutions of standard 
alkalinity in volumetric analysis. A known weight of mercuric 
oxide is dissolved in excess of aqueous potassium iodide, and two 
gram-ions of hydroxyl are produced for every gram-molecule of 
mercuric oxide dissolved. 

Mercury peroxide, HgOg. — This compound can be obtained by the 
action of aqueous hydrogen peroxide on mixed alcoholic solutions 
of mercuric chloride and potassium hydroxide. It is a red compound 
which slowly decomposes, especially in the presence of water, into 
mercuric oxide and oxygen, but it is fairly stable when dry, and 
in this condition can be kept for a few days at room temperature. 

The Mercurous Compounds. — Preparation . — The mercurous 
compounds, in which the valency of the metal appears to be i, 
are prepared by the action of acids on mercury, by direct combina- 
tion with mercury in excess, or by reduction of the mercuric 
compounds, often with metallic mercury as the reducing agent. 

Constitution . — If mercury is really univalent in these compounds, 
they are the only example of soluble compounds of Group II 
elements in which the metal has a valency oth^ than 2. It 
is true that the molecular weight of mercurous chloride as calculated 
from the vapour density is in agreement with the single molecule 
HgCl, but this can equally well be explained by complete dissociation 
of the vapour into mercury and mercuric chloride: 

Hg,Cl,^Hg+HgCl,. 
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The vapour density of the thoroughly dried substance is in closer 
agreement with the double formula. The question was finally 
decided by Ogg, who proved that the mercurous ion was a complex 
formed by the combination of a mercuric ion with an atom of 
mercury: 

Hg-+Hg^Hg,*, 


and consequently that the valency of mercury in the ijaercurous 
compounds was 2. The evidence was as follows: i[ 

Etoctrochemical Evidence. — i. The valency type of an 4 pctrolyte 
can be inferred from the effect of dilution on the E.M.F. ^f a con- 
centration cell (p. 262). Thus the electrode potential of'\a metal 
A in a solution containing ions A* changes by 0-058 volts ofi! tenfold 
dilution of the electrolyte, while if the ions are A” the change is 
only half this amount. In this way the vsdency of the mercurous 
ion in a solution of mercurous nitrate was shown to be 2. 

2. The slope of the curve connecting the equivalent conductivity 
of mercurous nitrate with the square root of the concentration is 
about equal to that usual for other bi-univalent salts. 

Evidiwoe from Freezing-points. — 3. The freezing-points of solu- 
tions of mercurous nitrate in dilute nitric acid (necessary to prevent 
hydrolsrsis) are in agreement with the existence of Hg^** ions. 

Evidence from the Law of Mass-action. — ^4. A solution of mercuric 
nitrate will dissolve some mercury and an equilibrium is set up 
between mercurous and mercuric ions, which on the alternative 
views must be represented; 

Hg+HgV2Hg or Hg+Hg-VHg;-. 


If the former is correct 


[Hg-]> 


should be a constant, if the latter, 


The mercurous salt concentration at equilibrium, as 


[Hg‘l 

[Hg,-] 

[Hg”]‘ 

determined by analysis, is found to be nearly proportional to the 
mercuric salt concentration, and not to its square root, so the 
second view is correct. 

5, Mercury will reduce a solution of silver nitrate to silver, which 
forms an amalgam, until the mercurous ion concentration of the 
solution reaches an equilibrium value The action may be 
represented: 

Hg-fAgVHg'+Ag or 2Hg+2AgVHg,"+aAg, 

and the equilibrium expressions will be^ ^^^^ and 

sdiete [Ag] represents the concentration of diver in the amalgam- 
Tl» second expressicm is found to be approximately constant: the 
fonoer is not. 
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respect to the mercurous ion, mercury has a 
fairly high positive standard potential (+o-8o volts), and the 
mercurous salts of easily discharged anions (such as the iodide 
ion) cannot exist in water except at very low concentration, i.e. 
they are insoluble. The same applies to the mercurous salts of 
we^ acids. The only important soluble mercurous salts are the 
fluoride and the salts of such oxyacids as the nitrate, chlorate, and 
perchlorate. These salts are extensively ionized in aqueous solution, 
but unless acid is added to them they are liable to undergo hydrolysis 
with deposition of basic salts. The mercurous salts do not show 
the remarkably strong tendency to covalency of the mercuric 
compounds: they are dissociated in solution, and mercury in the 
mercurous condition will neither form organic compounds nor readily 
form complex ions : it is already a complex ion itself. 

The mercurous salts are easily reduced to mercury or oxidized 
to mercuric salts. In the presence of mercury the balanced action 

Hg^-VHg^+Hg* 

reaches (at 25®) an equilibrium in which the concentration of 
mercurous salt is about 240 times the concentration of mercuric 
salt. Mercuric salts are therefore nearly completely reduced by 
mercury, but mercurous salts, on the other hand, are decomposed 
by substances which absorb mercuric ions to form complex ions, 
undissociated molecules, or very insoluble substances such as 
mercuric sulphide, HgS (whose solubility-product is only about 
10-54), This explains the precipitation of mercury from solutions 
of mercurous compoimds by amnionia, cyanides, and sulphides: 

Hg2”+2NH3->Hg j +(Hg.2NH3)‘\ 

Hg3*'-f2CN' -->Hg| +Hg(CN)2 (unionized). 

Hga^+S-' -^Hg|+HgS|. 

Mercoiocui carbooate, Hg2C03, is a yellow substance obtained by 
precipitating solutions of mercurous salts with sodium hydrogen 
carbonate. It readily decomposes, especially if warmed, into 
niercury, mercuric oxide, and carbon dioxide: 

Hg 2 C 03 ->Hg+Hg 0 -i-C 02 1 . 

Halides, — ^The fluoride is^'the only soluble mercurous halide; 
the other anions are too easily discharged for the salts to be stable 
in solution except at lour concentrations, 

Mercurous fluoride, HgaFg, can be obtained by the action of 
hydrt^en fluoride on mercurous carbonate. It is soluble in water. 
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Mercurous chloride, calomel, Hg^Clg, is a white substance pre^ 
cipitated from mercurous solutions by soluble chlorides, or obtained 
by heating a mixture of mercury and mercuric chloride until the 
cdomel sublimes. Apart from the evidence quoted above, X-ray 
analysis confirms the structure HggClg. It is practically insoluble 
in water. It can easily be sublimed by heating, as the vapour 
pressure reaches 760 mm. at 373®. The vapour is completely 
dissociated into mercury and mercuric chloride unless the l^ubstance 
has been thoroughly dried, when less dissociation takjjes place. 
Mercurous chloride is blackened by aqueous ammonia, aiM is con- 
verted to a mixture of mercury and mercuric amino-chlot|ide: 

Hg,Cl,+ 2 NH 3 =Hg j -fHg(NH,)CU +NH;+a\'\ 
Calomel is used in medicine as a purge, and in ointments. 

Mercurous bromide, Hg^Br^, is a white insoluble substance 
precipitated from mercurous salt solutions by soluble bromides, and 

Mercurous iodide, Hg2l2, is prepared in a similar way. It is a 
somewhat unstable yellow substance insoluble in water and other 
solvents. 

Mercurous sulphate, Hg2S04, is produced together with mercuric 
sulphate when mercury is boiled with strong sulphuric acid, but is 
best prepared by precipitating a solution of a mercurous salt with 
sulphuric acid; it is insoluble in water. It is a white substance 
which on long boiling with water is converted by partial hydrolysis 
to a basic salt. 

Mercurous nitrate, Hg2(N08)2, the most important soluble mer- 
curous salt, is obtained by the action of cold not too dUute nitric 
acid on mercury, and freed from a little mercuric nitrate by re- 
ciystallization. Unlike the majority of mercury compounds, it 
forms a hydrate, Hg2(N0a)2-2H20, which, however, loses water in 
the air. The solution of mercurous nitrate used in the laboratory 
usually contains free nitric acid added to prevent hydrolysis. 

The Mercuric Compounds. — In these compounds the tendency 
to covalency already remarked in zinc and still more in cadmium 
has reached a degree unknown in any other definitely metallic 
element. Mercury forms a large number of organic compounds, 
far more than any other metal, and such a substance as mercury 
methyl, Hg^H8)2, is scarcely attackecLby water. The mercuric 
ion has a ^eat tendency to form undissociated molecules and 
complex ions. Excluding the mercurous compounds already dis- 
^fuss^, the principal mercuric complexes are with ammonia, 
cyanides, Hg(CN)2 (unionized); halides, Hgl 4 » 
funionized HgQ^, etc. It is, however, remarkable that the met- 
I curie compounds do not readily form hydrates. The principal 
insoluble salts are the carbonate, sulphide, iodide, sulphate, and 
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phosphate. The soluble salts, as regards their ionization in aqueous 
solution, fall into three classes: 

(i) The fluoride and the salts of the strong oxyacids (e.g. nitrate 
or perchlorate) are highly dissociated. 

(ii) The remaining halides are only slightly dissociated. They 
are volatile compounds, and the chloride and bromide are 
very soluble in organic solvents. 

(iii) The salts of weak acids are practically undissociated: the 
classical example is the cyanide, Hg(CN)2. The concentra- 
tion of mercuric ions in solutions of this substance is so 
low that the addition of caustic alkali precipitates no 
mercuric oxide. 

Mercuric oxide is rather weakly basic, so that all the soluble 
mercuric salts are hydrolysed in solution and have an acid reaction, 
except those of class (iii), whose mercuric ion concentration is too 
small for hydrolysis to be noticeable. 

It seems that mercury has a great reluctance to form compounds 
in which it has a covalency of more than two. The reason for this 
behaviour is unknown, but some such explanation is necessary to 
account for the rarity of hydrated mercuric salts. 

Mercuric carbonate, HgCOa. — ^It is doubtful whether this com- 
pound has ever been obtained in the pure state. Carbonates or 
hydrogen carbonates of the alkali-metals precipitate basic carbonates 
from mercuric solutions. 

Halides. — ^These salts are all rather slightly soluble in cold water, 
and the iodide is almost insoluble. The melting-points are : fluoride, 
645®; chloride, 265®; bromide, 236®; iodide, 250®. The fluoride is 
predominantly electrovalent, the others are mainly covalent. Only 
the highly dissociated fluoride is sufficiently hydrolysed to make 
its preparation from the aqueous solution a matter of difficulty. 
The chloride and bromide can be obtained by evaporation, and the 
iodide by precipitation. 

Mercuric fluoride, HgFg, is best obtained by heating mercurous 
fluoride: 

Hg2F2=Hgt+HgF2. 

Evaporation of its solutions gives a mixture of the fluoride and oxide. 

Mercuric chloride^ corrosive sublimate, HgCl2, can be obt^ed 
hy the usual methods. When mercury burns in chlorine, either 
mercurous or mercuric chloiide is produced according to whether 
the metal or the gas is in excess. Mercuric chloride is a colourless 
crystalline substance which can easily be purified by distillation 
^ a stream of chlorine. It melts at 265® and boils at 300**. It 
is prepared on a commercial scale by direct synthesis, or sometimes 
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by distillation of a mixture of mercurous sulphate and common salt, 
to which a little manganese dioxide is added as an oxidizing agent to 
prevent the formation of mercurous chloride. The ionization of its 
aqueous solutions is very slight, indeed for most purposes negligible, 
and appears from transport-number measurements to take place in 
steps^ of which the first is: 

HgCl,^HgCr+Cr. 

At ordinary dilutions the degree of dissociation, bas^ on this 
change, is of the order of 0-05 per cent, and by far tne largest 
part of the solute is in the form of undissociated molecul^. 

Mercuric chloride readily dissolves in a large number of organic 
liquids, such as ether, acetone, or toluene. Its distribution-ratio 
between toluene and water is of the order of unity, a very Unusual 
circumstance for a metallic salt, and measurements on this system 
have been used to confirm the absence of dissociation indicated by 
the feeble conducting power of the aqueous solution. Mercuric 
chloride is very much more soluble in hot water than in cold. 

Mercuric chloride is easily reduced to mercurous chloride or to 
mercury. Hydrogen peroxide reduces it in alkaline solution (best 
obtained from sodium peroxide and water) to the metal: 

HgCl2+Na202=Hg 4. +O2 1 +2Na*-f zCr, 

whereas in neutral solution, with Rochelle salt as catalyst, calomel 
is precipitated: 

zHgClj+HjOa^Hg^Cl^l +02t +2H+2Cr. 

With ammonia a white precipitate of mercuric amino-chloride, 
Hg(NHa)Cl, is obtained: 

HgCl 2 + 2 NH 3 =Hg(NH 2 )C 4 +NH4CL 

Like all the mercuric compounds, corrosive sublimate is a 
powerful poison: it is used in taxidermy and in preventing the 
growth of fungi and bacteria in water, e.g. in thermostats. 

Mercuric iodide, Hglj. — ^When a solution of an iodide, such as 
potassium iodide, is added to the solution of a mercuric salt, a 
brilliant scarlet precipitate of mercuriiCL iodide is produced which 
very readily dissolves in excess of iodide to give a colourless solution 
containing all the mercury in the anion: 

Hg“+2r=Hgl2 1 . Hgig I +2r*:Hgl4^ 

Mercuric iodide can also be prepared by mixing mercury i^th excess 
of iodme: the action takes place q)ontaneously in the cold. 
substance exists in tv^ forms, one bright red forni, which is stable 
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up to 128®, axid another bright yellow form stable from 128® up- 
wards. The yellow form can be tindercooled* but below 128® 
reverts to the stable red form when rubbed with a crystal of the 
red substance. As usually happens, the yellow or less stable form 
is the first to be precipitated from solution, and this can sometimes 
be observed when a soluble iodide is added to a mercuric solution, 
but the change to the red form is very rapid. 

Although almost insoluble in water, mercuric iodide has a 
distinct solubility in many organic liquids such as the alcohols or 
toluene. From a concentrated solution in excess of potassium 
iodide solution, crystals of the compound Kj^gl4, potassium 
mercuri-iodide can be obtained, and also a compound KHgl3, 
corresponding with the ion Hgig'. The solutions do not contain a 
sufficient concentration of mercuric ions to give a precipitate of 
mercuric oxide with caustic alkalis. A solution which has been 
made alkaline is called Nessler*s solution, and is the most sensitive 
test known for ammonia or ammonium compounds, with which it 
gives a brown precipitate, or, with very dilute solutions, a yellow 
coloration. The exact composition of the precipitate is uncertain, 
but is probably (NHjHg^Ij). 

Mercuric 8alphide» HgS, is an exceedingly insoluble substance 
which occurs native as cinnabar, and can be precipitated from 
mercuric solutions by soluble sulphides. It exists in two forms: 
an unstable black form which is the first to be precipitated from 
solution, and a stable red form into which the black form is con- 
verted on heating. The red form is used as a pigment under the 
name of vermilion*, it is always artificially prepared, usually by 
heating mercury and sulphur togethe«r. Mercuric sulphide can 
be sublimed without difficulty, but it is much less volatile than the 
halides. It is so insoluble that it is only slowly attacked even by 
strong acids in concentrated solution. 

Mereuiic ialphate» HgS04, is made by the action of sulphuric 
add on mercuric compounds, or by dissolving mercury in hot 
concentrated sulphuric acid and evaporating repeatedly to dryness, 
replenishing the acid; this is to decompose the mercurous sulphate 
wWQh is simultaneously produced. Mercuric sulphate is converted 
to a basic ^t by water: but it will dissolve in sulphuric add, in 
which it is contained probably as mercuric hydrogen sulphate, 
Hg(HS04)3. It is a colourless substance which is used as a catalyst 
in certain organic reactions; e.g. the manufacture of acetaldehyde 
from acetylec^ 

HeKeoaitt iiiifar0te» Hg(NOs)3, is obtained by the action of nitric 
acid on mercuric oxide, or by boiling mercury for some time with 
ooncmtrated mtric add in excess and thereby oxidizing the mer- 
curc^ aitmte first produced. It is a colourless hygroscopic 
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sutetance which crystallizes as 2Hg(N08)a.H20 and Hg(NOa)a.H 0 . 
It is very soluble in water and the solutions are dissociated ind 
strongly hydrolysed: unless free acid is added to them they deposit 
basic nitrates on evaporation. 

MieKCiiric eyamde» Hg(CN)2, is made from mercuric oxide and 
hydrogen cyanide. It Is a colourless substance soluble in water, 
in which it is undissociated. On heating, it yields me|fcury and 
cyanogen: 

Hg(CN)2==Hg+(CN)2t, 

together with some paracyanogen (p. 579). 
poisonous. 

AmalOTiTifl^ — Nearly all metals dissolve to some extent in fnercury 
or combine with it, and the products are called amalgams. They 
may be liquids or solids, and they may consist of solutions of the 
metal (in the atomic form, as is shown by freezing-point measure- 
ments) in mercury, or of definite compounds between the metal 
and mercuiy, or of solutions of such compounds in mercury. They 
are prepared by direct combination (e.g. sodium amalgam), or by 
electrolysis of a concentrated solution of a salt of the metal with 
a mercury cathode (e.g. ammonium or barium amalgam), or by 
reducing such a solution with mercury (e.g. silver amalgam), or 
by reducing a solution of a mercuric salt with the metal (e.g. 
aluminium amalgam). Amalgams of highly electropositive metals 
such as sodium can be prepared by the electrolytic method in contact 
with water by reason of two facts: (i) that the electrode potential 
of the metal is diminished when it is, so to speak, * diluted ' with 
mercury, and (2) that the over-voltage of hydrogen on a mercury 
or amalgam cathode is high. Nevertheless, the preparation of 
such amalgams by the electrolytic method is usually accompanied 
by the evolution of hydrogen. 

It is often possible to isolate from amalgams crystalline com- 
pounds between the metal and mercury, but their composition 
seems to bear little or no relation to the valency of the metal. 
Thus among the compounds between sodium and mercury, NaHg, 
NaHgs, NaHgg, NajHg, and others have been isolated. When it 
is not possible to isolate the compound, its existence can often be 
inferred from the freezing- and melting-point lines of the phase 
diagram, or from discontinuities in the curve connecting the 
vapour pressure of mercury over the amalgam with its compo- 
^tion. Amalgams are easUy decomposed, and with respect to 
tibeir chemical properties they behave like a solution of the metal m 

Soimm amalgam . — ^Sodium reacts with mercury with the evolu- 
of heat and lights The amalgam is readily oxidized in air ana 


!l 

It IS exid|eedingly 
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is decomposed by water, but it can be prepared by the electro- 
lysis of concentrated solutions of sodium salts with a mercury 
cathode, and this is made use of in one process for the manufacture 
of caustic soda (p. 437). It is used as a reducing agent, chiefly in 
organic chemistry, as it is less violent in its action on water than 
sodium itself. Amalgams of some of the less electropositive metals 
can be prepared by treating solutions of their salts with sodium 
amalgam, e.g.: 

2Na amalgam+Ba**;F^Ba amalgam+2Na*. 

Copper, silver, and gold amalgams are readily formed by direct 
combination, as can easily be seen by rubbing a clean coin with 
mercury. Silver amalgam can also be made by reducing silver 
nitrate solutions with mercury. The amalgams of silver and gold 
have been used in the extraction of those metals from their ores. 

The Amalgams of strontium and barium have been used in the 
preparation of the metals (p. 490). The amalgams can be prepared, 
though with difficulty, by electrolysis. 

Aluminium amalgam, — If aluminium foil is warmed with a 
solution of mercuric chloride it becomes covered with a layer of 
the amalgam. Some mercurous chloride is produced at the same 
time. The chemical activity of the aluminium is much increased 
by amalgamation: it will readily liberate hydrogen from water and 
is the best available drying agent for the alcohols. The amal- 
gamated foil rapidly oxidizes in the air, a process attended by the 
evolution of much heat, so that a minute or two after withdrawing 
it from the solution it may be too hot to hold. 

Tin amalgam is used as a backing for mirrors. 

‘ Ammonium amalgam.* — ^When a concentrated solution of ammo- 
nium chloride is electrolysed 
with a mercury cathode, the 
mercury swells up into a 
mass which has the consist- 
ency of butter and behaves 
as though it were an amalgam 
of Ibe free radical ammoniiun. 

The same substance can be 
obt^ed by the action of x 

sodium amalgam on a cour 'Mercu^ 

centrated solution of ammo- pic. 119. Preparation of Amiionzum 
nium chloride. When Amalgam 

removed from the solution . 

the amalgam slowly decomposes, yielding mercury, ammonia, ana 
hydrogen. 
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In the light of modem electronic theory of valency there are 
grave difficulties in recognizing a free radical of the formula NH 
because if all the N,H bonds are of the conmion or normal electron! 
pair type then the nitrogen nucleus must bind nine electrons, which 
is one electron in excess of the maximum possible for an element in 
the series Li— F (see p. 335). 



CHAPTER XVII 

GROUP 111 AND THE RARE EARTHS 

boron, ALUMINIUM, SCANDIUM, YTTRIUM, LANTHANUM, AND 
rare earth metals, GALLIUM, INDIUM, THALLIUM 

/Sc — Y — La and Rare Earth Metals 
B-A1< 

\Ga— In— T1 


Element 

Typical Elements 

Subgroup 

A 

B 

B 

A 1 

Sc 

Ga 

In 

T 1 

Atomic Number 
Atomic Weight 
Density 

Atomic Volume 
Melting-point 

5 

10-82 

2*34 

4-6 

2200-2500° 

13 

26*98 

2-70 

lO-O 

659° 

21 

44-96 

3*9 

II-6 

1200® 

31 

69-72 

5-89 

II -9 

30° 

49 . 

114-82 

7-3 

157 

155° 

81 

204-39 

11-9 

17-3 

302® 


Properties of some Group III Elements 


In Group III the typical elements and the subgroups resemble 
each other much more closely than in Group II, but on the whole 
the typical elements must be associated with Subgroup A (wmch 
contains the rare-earth group, unique in the periodic table) ra her 

than with Subgroup B. , , 

Boron differs from the other elements of the group Md resembles 
silicon. It is a non-metal which does not conduct electricity, has 
a very small atomic volume, forms no cation, and has a very^ high 
melting-point. It is unique in the group in foramg a sen® ot 
covalent hydrides with highly complex structures, anditshymoiucie is 
a weak acid while the other hyi'oxides are predominantly baac. 
All the other Group III elements are metals, more electropositive 
than hydrogen, whidi will dissolve in dilute acids or even m water. 
With the tjipical elements and Subgroup A, valencies other 
than three are very uncommon, being practically confined to a 
few of the rare earths. The hydroxides become more b^c 
from the weakly addic boron hydroxide, through the ampho- 
teric but chiefly basic aluminium hydroxide, to the fairly sttoi^ 
basic hydroxides of the rare earths, while the salts su<m M 
the chlorides range from the purely covalent boron tnchlonde to 

519 
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the electrovalent chlorides of the rare , earths. However, even the 
rare earth trichlorides are soluble in alcohol and hydrolysed to 
some extent by evaporation of their aqueous solutions. The 
sulphides are all decomposed by water. 

Subgroup B differs from Subgroup A in the lower atomic volumes 
of the elements; their trihydroxides are weaker bases. Subgroup B 
elements are also remarkable for their low melting-points and for 
the occurrence of lower valencies as follows: gallium y vert unstable 
valency of one; indiumy possibly valency of two and ver| unstable 
valency of one; thallium , one is the most stable valenc^. These 
elements much resemble their neighbours in the B subgroups of 
Groups II and IV, and the resemblance is particularly noticeable 
if the thallous salts are compared with the mercurous or plumbous 
salts. 

The valency groups of the tervalent compounds of all Group III 
elements contain six electrons, and these compounds are vigorous 
acceptors. Many of them are associated in the vapour phase or 
in solution, and they form additive compounds with most donor 
substances, as, for instance, ammonia. 

Among Group III elements, only boron and aluminium are 
abundant or of commercial importance. 


Boron 

B= 10-82. Atomic Number y 5 

History. — ^The word borax is derived from the Arabic buraq 
(' white and shining '), a term apphed to many substances used 
by the Moslem chemists as fluxes. One such substance, tincal 
or tincar or attincary obtained from India, Armenia, and Tibet, is 
the compound Na2B407.ioH20, to which the name * borax * is 
at present confined. In the Middle Ages, borax was imported by 
Europe from Central Asia, Venice being the centre of purification 
of the crude tincar. In 1702, Homberg prepared boric acid 
(sel sidaiif de Homberg by heating borax with ferrous sulphate, 
and in 1747-8 Baron concluded that borax was a compound of sel 
sidatif and soda, further suggesting that the former was not a 
salt but an acid. In 1808, Davy prepared impure boron by 
heating potassium and boric acid together in a gold tube, and 
suggested the name boracium for it, under the impression that it 
was metallic. Four years later, however, he realized that it was 
a non-metal, and altered ' boracium ' to ' boron,^ by analogy with 
Carbon. 

Ooeoimioe and Eatracthm* — ^Boron is not a very abundant 
demejit It invariably occurs in the form of borates or related 
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compounds. ^ principal deposits are in the Mohave Desert and 
the Death Valley of California, where there is found the mineral 
colemanite, a calcium borate with the formula CajBeOix.sHaO. In 
Chile and Peru there are deposits of ulexite, which has the formula 
Na2Ca2(B407)3.i8H20. Among the oldest sources of boron com- 
pounds are the hot springs of Tuscany, where the steam and hot 
water issuing from the ground carry vdth them small quantities of 
boric acid, H3BO8, but these, though still exploited, are now of small 
commercial importance. 

The colemanite or ulexite is crushed to a fine powder and shaken 
in large wooden vessels with water through which sulphur dioxide 
is bubbled, or with dilute sulphuric acid. The liquid is then 
filtered and evaporated by the heat of the sun, when fairly pure 
boric acid crystallizes out; it can be purified by recrystallization. 
Alternatively the process may be worked in conjimction with the 
sodium nitrate industry. One of the by-products of this industry 
is sodium hydrogen sulphate, and a solution of this substance may 
be boiled with the finely-crushed ore and water to produce a boric 
acid solution, which is evaporated in the manner already described. 
The best qualities of ulexite are exported to Europe, where borax 
is made from them. 

Elementary Boron. — ^Boron oxide is a very stable compound the 
reduction of which offers great difficulties. As no practical use has 
been found for the element, the methods of preparing it have not 
received much attention, and it is still something of a chemical 
curiosity. Amorphous boron is obtained by reducing boric oxide, 
BgOg, boron fluoride, BFg, or potassium fluoborate, KBF4, with 
sodium, potassium, or magnesium. The crystalline product pre- 
pared by the reduction of boric oxide with aluminium powder is a 
mixture of aluminium borides. When freed from excess of aluminium 
by prolonged treatment with hydrochloric acid, amorphous boron 
results. Boron of 92-per-cent purity can be prepared by the electro- 
lysis of a mixture of boric oxide, magnesium oxide, and magnesium 
fluoride at 1100® in a charcoal cnidble acting as anode. The cathode 
is made of iron, and the cathode deposit, which consists mostly of 
boron, is ground up with hydrochloric acid. A purer variety msiy 
be prepared by striking high-tension alternating sparks in a mixture 
of boron trichloride vapour and hydrogen, or by exposing the same 
mixture to the action of a glowing filament of tantalum. Pure 
crystalline boron has recently been prepared by the last method. 
Crystals develop upon the filament, but as the temperature does not 
fall, they must be non-conducting. 

On account of the difficulty of preparing the pure 
element, our knowledge of the properties of boron is not very 
predse. It is described as forming lustrous, dark-coloured, and 
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opaque crystals, which appear to belong to the tetragonal system. 
Its deiisity is about 2*3 and it is hard and very brittle. Its meltingl 
point is 2200°-~2500®, and it is a non-conductor of electricity; in 
this respect it is sharply distinguished from aluminium 
resembles carbon or silicon. It is unaffected by air, whether dry 
or moist, at ordinary temperatures, but it bums if strongly heated 
in air or oxygen. It will not dissolve in water, but at ajjxed heat 
it will decompose steam or the oxides of carbon. Aijjtong the 
halogens, only fluorine attacks the element at ordinary |empera- 
tures, but boron will combine with all the halogens on cheating, 
and also with sulphur. When strongly heated in nitrogen or 
ammonia, boron forms the nitride BN. Boron will not dissolve 
in cold dilute acids or alkalis, but the oxidizing acids react ^rith it, 
and so do fused caustic alkalis ; with these the products are hydrogen 
and a borate. It will be noticed that in its chemical properties boron 
resembles carbon more than any other element. 

Boioil Hydrides* — Our knowledge of these curious substances was 
originally due to Stock and his coUaborators (1912 onwards). They 



were <fl>tained, in an apparatus similar to that used by the same 
investigators for the preparation of the hydrides of silicon (Fig. 120), 
by the action of excess of 4N hydrochloric acid on magnesium 
|l>0rble« which is a mixture of sev^d magnesium-boron compounds, 
f As the mixture of hydrides is spontaneously inflammable, it must 
be prepa:^ in an atmosphere of hydrogen* The gaseous products 
of tbt reaction, mixed with hycfrogOT, are drira with calcium 
dhlcxide and phosphorus pentoxide and passed through a coil cooled 
with liquid air, in which the hydrides of boron collect as a colourless 
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liquid consisting almost entirely of tetraborane, Aftir puri- 

fication by vacuum distillation at a low temperature, it is found to 
freeze at — 112® Md to boil at 17®. It is spontaneously inflammable 
in the air, and with water slowly yields boric acid and hydrogen : 

B4Hio+I2H20=4H3B03+IIHjj t . 

It is unstable, and decomposes into hydrogen and other hydrides 
of boron. At 100® this decomposition is rapid, and yields a mixture 
of hydrogen, diborane, and other substances. The mixture 

of gases is condensed with liquid air, and diborane can be obtained 
from the product by fractional distillation. In this original pro- 
cedure all the diborane and much of the tetraborane that may have 
been formed on acidification are lost by reaction with water. 
Diborane is obtained in theoretical 5deld by the following means: 
(a) lithium hydride (p. 435) reacts with aluminium chloride in ether 
solution to give lithium aluminium hydride: 

4LiH+AlCl3=LiAlH4+3LiCl, 

(h) on addition of boron trichloride to the solution diborane results 
from the reaction: 

3LiAlH4+BCl3=2B3He+3LiCl+3AlCl3. 

Diborane is the simplest boron hydride, as no other has yet been 
prepared with less than two boron atoms in the molecule. It 
melts at —169° and boils at —87®, so that at room temperature 
it is a gas. It is not spontaneously inflammable if freed from traces 
of the higher hydrides, but it is decomposed by water, jdelding, 
like the other hydrides, boric acid and hydrogen: 

B3He+6H30=2H3B03+6H3 f • 

It reacts with the halogens to form first a derivative, such as BjHgBr, 
which then decomposes according to the equation: 

6BaH6Br=5B2He+2BBr3. 

With carbon monoxide or trimethylamine diborane yields respec- 
tively the co-ordination compounds H3B-^CO and 
which contain the borine radical unknown in the free state. 

The constitution of diborane and of the other hydrides of boron 
is a puzzle of which no complete explanation has yet been ad- 
vanced. Only four of the hydrogen atoms can be replaced to 3deld 
derivatives of diborane, such as B2H3(CH8)4: the remaining two 
atoms appear necessary to the structure. The infra-red absorption 
spectrum of diborane is best interpreted by a pattern of atoms 

and all boranes of known structure contain boron 

linked through hydrogen in a similar way. The detailed nature of 
this liukipg is a still incompletely solved problem. 

When diborane is heated to a moderate temperature, say 120®, 
it slowly decomposes, and yields a mixture of solid hydrides. 
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The most volatile of these has the formula B10H14. It is a crystal- 
line substance which melts at 99®, and is distinguished from the 
lower hydrides by its stability towards water, on which it floats 
undecomposed* It is decomposed by oxidizing agents. 

The Borides. — ^These compounds are made by union of the 
elements, or by heating borates or boron oxide with metals, with 
or without other reducing agents, such as carbon. The high 
temperature of the electric furnace is sometimes required Jitor these 
reactions. The borides resemble the carbides and silicides. They 
are mostly insoluble in water and tmafifected by it, bu| a few, 
such as the borides of beryllium or magnesium, when treated with 
water 3deld a mixture of boron hydrides and hydrogen, /Carbon 
boride, CB4, vies with the diamond in hardness. 

Oxides of Boron. — ^The only important oxide of boron is the 
trioxide, BjOj, though it is said that lower oxides have been obtained 
by the action of cold water on magnesium boride, i.e. in effect, by 
the hydrolysis of the boron hydrides. 

The trioxide is usually prepared by strongly heating boric acid, 
HaBOg, until no more water is driven off. Commercial boric 
acid is seldom very pure, but it can be purified without difficulty 
by several recrystallizations. When obtained in this way the 
tiioxide is a colourless glassy substance and has no melting-point, 
since it is an undercooled liquid. Its boiling-point has not been 
precisely determined, but is laiown to be high. The glass is hard 
and brittle, but softens on heating. 

Boron trioxide dissolves in water to form solutions of boric 
add, HsBOs, and is a very hygroscopic substance. In moist air 
it takes up water in two stages, the first yielding metaboric acid, 
HBO2, by the reaction: 

B208+H20=2HB02, 

and the second orthoboric acid: 

HB02+H20=H3B08. 

Boron trioxide is converted to the nitride if strongly heated in 
ammonia gas, but it resists the action of all the hadogens except 
fluorine, though it reacts with them if strongly heated in their 
presence with carbon or some other reducing agent. It has already 
been pointed out that the reduction of“boron trioxide to boron is 
a matter of great difficulty. 

Bofio Add. — In addition to orthoboric acid, H^BO,, both metaboric 
add^ HBO*, and tetraboric acid, are known in the solid 

! state, but in solution they are converted to the ortho-acid. X-ray 
analysis shows that the metaborates are, e.g., KaB^Oe, and the 
existence of the simple add HBO, is doubtful. Borates are known 
derived from a large number of condensed boric adds, but of the 
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acids themselves only these three representatives have been certainly 
isolated. 

Some boric acid is derived from the hot springs of Tuscany, 
but by far the larger proportion of the world's production comes 
from the borale deposits of North and South America. In the 
laboratory boric acid is made by adding acids to concentrated solu- 
tions of borax (sodium tetraborate), and crystallizing the precipitate 
from water. Orthoboric acid is a colourless crystalline solid which 
feels slippery between the fingers. At 100° or a little over it forms 
the meta-acid, HBOg, and at 140° the tetra-acid, HgB^O,, from 
which borax is derived. 

Boric acid is not very soluble in cold water (about 50 gm. per 
litre at 15®) but is readily soluble in hot water, so it can easily 
be purified by recrystallization. In solution it behaves as a very 
weak monobasic acid of dissociation-constant about 2 x lo*"*. This 
monobasic behaviour does not indicate any difference in the mode 
of attachment of the hydrogen atoms in the molecule, but merely 
a disinclination on the part of any of them to leave it. The acid 
is soluble in the alcohols, and yields a fairly constant partition- 
ratio between these solvents and water, indicating a feeble dis- 
sociation in the water layer and a uniform molecular condition in 
both. The feeble acidity of boric acid makes the titration with 
caustic alkalis difficult, if not impossible, as the hydrogen ion 
concentration at the equivalence-point is only It is, how- 

ever, found that the addition of glycerol or mannitol to boric 
acid greatly increases its dissociation, and in the presence of these 
substances boric acid can be titrated to an end-point in the region 
lo-^-iO”® with phenolphthalein. It is supposed that boric acid 
forms complexes, stronger acids than boric acid, and probably 
of a chelate nature, with these hydroxylic compounds (compare 
the effect of glycerol on alumina). Boric acid is too weak to 
display the usual acidic properties, but its boiling concentrated 
solutions will liberate carbon dioxide from carbonates. 

Boric acid (sometimes called ‘ boracic acid '), boron trioxide, 
and borax are all extensively used in the manufacture of gls^s. 
The incorporation of these substances in glass raises the refractive 
index, but litharge is more effective in this respect, and the effect 
of boron compounds on the thermal properties is more important. 
The glass is less liable to devitrification at high temperatures and 
has a low coefficient of expansion, so it is less likely than other 
kinds to crack on heating, and is used in lamp chimneys and for 
electric-light bulbs. Jena glass and other types speciaDy made 
to resist the action of chemicals also contain boric oride, which 
increases the resistance to alkalis, though not to acids; it also 
increases the mechanical strength. 
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Boric acid is used as a mild disinfectant and for many other 
purposes. Its use as a preservative of food has been held to be 
harmful and is now regulated by the law. 

Botaiea. — ^These salts are derived from a whole series of condensed 
boric acids. 

Borax, sodium tetraborate, Na2B407.ioH20, is by far the most 
important of the borates. It is made on a large scale, ^chiefly in 
France and Belgium, from imported colemanite and ulex^te, which 
have been ground and dried in the country of origin. jThey are 
first washed to remove chlorides, and are then heated wi^^h water, 
sodium carbonate, and sodium bicarbonate. Calcium cS|arbonate 
is precipitated, and borax goes into solution; it prei^ipitated 
from the filtered liquid on cooling, and is purified by another 
crystallization. 

When borax is heated it loses water and swells into a voluminous 
spongy form, which on stronger heating is converted to a liquid 
consisting of the anhydrous salt, Na2B407. On cooling in the 
absence of moisture this sets to a transparent glass. Fused borax 
has the unusual property of dissolving many of the metallic oxides, 
often with the production of strongly coloured glasses. This is 
made use of in the ' borax bead * tests of qualitative analysis. 
Borax (usually the powdered anhydrous salt) is fused in a loop of 
platinum wire and touched with a little of the substance under 
examination: from the colour it is often possible to identify the 
metal. Fused borax is also used, in welding and brazing metals, to 
dissolve any oxides which may form on the surfaces to be joined. 

Like all borates, borax is hydrolysed in solution (more than 
2 per cent in M/ioo solution), and has a pronounced alkaline 
reaction. In concentrated solution, with many metallic salts it 
produces precipitates of borates, but in very dilute solutions the 
hydrolysis reaches a point at which hydroxides or oxides are 
precipitated: thus with silver nitrate solutions white silver borate 
Is produced at ordinary dilutions but brown silver oxide in very 
dilute solutions. 

Perborates^^'Perhonc acid itself has not been isolated, but 
perborates, derived from the acid HBOj, are well known. They 
were first prepared by the treatment ^f concentrated borate solu- 
timis with alkali and hydrogen peroxide, but are now prepared 
either by anodic oxidation of alkaline borate solutions or by treating 
borates with sodium peroxide. 

Sodium perborate, NaB08,4H20, is prepared on a fairly large 
scale 1^ ekctrolysis of solutions of borax and sodium carbonate 
at e low temperature with a platinum anode. It is a colourless 
crystalline comixiund not very soluble in water (about 25 gni- 
par fitre at 15®). The solutions are strong oxidizing agents and 
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lose oxygen on heating. They have an alkaline reaction, and the 
nerboric acid produced by hydrolysis appears itself to be hydroly^ 
OTth the formation of boric acid and hydrogen peroxide, according 
to the equation: 

^ HB0,+2H,0?^»H3B0,+HA- 

The powers of perborate solutions are those of hydrogen 

peroxide, but sodium perborate has the advantage of being stable 
to the solid state and easier to transport, while as compared \nth 
sodium peroxide it yields a much less strongly alkaline solution. 
It is accordingly used in disinfectant preparations, in bleaching, 
and in some well-known soap powders, though it is said to have a 
destructive effect on clothes. , . , 

Boron BN, is obtained by heating boron to a high tem- 

perature with nitrogen or with various nitrogen-containing sub- 
stances, or more conveniently by strongly heating bone oxide in 
a stream of ammonia. It is a white powder which, though of 
amorphous appearance, can be shown by the X-ray method to be 
crystalline, and to have the crystal structure of graphite (diagram 
on p 8 q) Each boron atom is surrounded by three equidistant 
nitrW atoms, and vice versa. This very close-knit crystal 
structure is in agreement with its chemied mertness. It melts 
only at a very high temperature (3000°) and is resistant to cheimcm 
attack : thus it is insoluble in water and, if it has first been strongly 
heated, is scarcely affected even by boiling water. It can be lOTted 
in oxygen only at a high temperature, and is only slowly attacked 
even by hot concentrated acids, with the formation of bone acid 

and ammonium salts. . , 

Boron Halides.— These are colourless compounck wmch much 
resemble each other in chemical properties, though the fl’miide 
and, to a less degree, the iodide have some pecubanties. From the 
list of their melting- and boUing-pomts it w^ be seen that at 
ordinary temperature the fluoride is a gas, the cWoride and tiroimde 
liquids, and the iodide a solid. In view of the formulae of the 



BC/3 

BBr^i 

BJ, 

— 127® 

—107° 

-46® 

43 ® 

-lOI® 

13® 

91’ 

210® 


Melting-point 
Boiling-point 

hydrides of boron, it is mteresting to note that the haU^s h^ a 
vapour density corresponding with the simple formula *. y 
are all hydrolysed by water, the first products being ^d 
and hydrogen halide, and all except the iodide consequently fume 
in moist air. They are purely covalent compouncto. 

Btwm triflnotidfi. BF,. is prepared by h^t^ Si; 
concentrated sulphuric acid and a fiuonde, usu y cty , 
AlF..3NaF“ It is a colourless gas with a pungent smell, and will 
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not bum; like all the halides of boron it readily forms additive 
compounds with ammonia and other donor substances. The com- 
pound BF3.NH3 is a white solid, stable in the absence of moisture: 
it can be sublimed unchanged. 

Boron trifluoride is exceedingly soluble in water. Its concen- 
trated solutions are viscous liquids supposed to contain fluoboric 
acid, HBF4, formed by the union of boron trifluoride with the 
hydrogen fluoride produced by hydrolysis, since with feses fluo- 
borates of the metals can be obtained from them. Like hydro- 
fluoric acid, fluoboric acid attacks glass, and must kept in 
rubber or wax vessels. Solutions of the acid can be mii^re easily 
prepared by dissolving boron trioxide in hydrofluoric acid. , 

The fluoborates are stable compounds which on strong heating 
yield boron trifluoride and a fluoride of the metal. Fluoboric acid, 
unlike (oxy-)boric acid, is a strong electrolyte, since solutions of its 
salts are very little hydrolysed and do not attack glass. They are 
mostly soluble in water, but potassium fluoborate, KBF4, is only 
slightly soluble, and is precipitated as a colourless crystalline sub- 
stance when solutions of the acid are mixed with solutions of potas- 
sium salts. The insolubility of this salt is another feature of the 
strong resemblance between fluoboric and fluosilicic acids. 

Boron trichloiide» BCI3, is made by union of the elements, or 
more easily by passing chlorine over a strongly heated mixture of 
boric oxide and carbon, and collecting the product in a receiver 
cooled by a freezing-mixture. The trichloride is purifled by 
fractional distillation. It forms additive compounds with ammonia, 
phosphine, phosphoryl chloride, nitrosyl chloride, and other 
substances. 

Boron tribromide» BBr3, resembles the chloride in its methods of 
preparation and in its properties, though it is much less volatile. 

Boron tri4odide, BI3, is prepared by strongly heating boron in 
a current of hydrogen iodide. The product, which distils, is 
freed from iodine by dissolving it in carbon disulphide and shaking 
with mercury. Unlike the other halides, it will bum if strongly 
heated in air or oxygen, liberating iodine and leaving the oxide. 
The crystals are very hygroscopic and are decomposed by water, 
but will dissolve unchanged in carbon tetrachloride or benzene. 

Bovon salphide* BaS8, is obtained by heating boron in hydrogen 
sulphide, or by heating boric oxide and carbon in the vapour of 
carbon disulphide. It is a colourless solid which melts at 310® 
and bums when heated in oxygen. It reacts violent^ with water, 
forming hydrogen sulphide and boric add. 

Bmm — ^By the interaction of boric and sulphuric 

adds or their anhydrides, various substances have been prepared 
by the action of water yield boric and sulphuric adds. Thus 
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when boric acid and sulphur trioxide are mixed, and the product 
is heated to ioo°, horm hydrogen sulphate, is obtained 

as a colourless hygroscopic solid melting at 215®: 

H3B03+3S03=BH3(S04)3. 

Boron phosphate, BPO4, is obtained by boiling boric and phos- 
phoric acids together and evaporating to dryness: 

H3B03+H3P04=BP04+3H30 t . 

It is a colourless soUd with a high melting-point which is insoluble 
in water and chemically unchanged even by boiling water, but it 
is decomposed by hot concentrated caustic ikahs. 


Aluminium 

A1=26*97. Atomic Number, 13 

History. — ^The word * alum ' is derived from the Latin alumen, 
* a mineral salt with an astringent taste ' — probably crude 
aluminium sulphate contaminated with various impurities. Stahl 
(1702) believed the basis of alum to be a distinct calcareous ‘ earth/ 
an opinion confirmed by Pott in 1746. Marggraf (1754) obtained 
alumina from clay, and showed that, while an ‘ earth,* it was not 
calcareous, but rather like silica. In 1782 Lavoisier suggested 
that alumina was a metalhc oxide, and in 1824 Oersted claimed to 
have isolated metallic aluminium by the action of potassium 
amalgam on aluminium chloride. Three years later (1827) WOhler 
obtained the metal, in the form of a grey powder, by heating the 
chloride with metallic potassium. 

Occurrence and Extraction. — Of all elements, aluminium is 
believed to be the third in order of abundance, being preceded 
only by oxygen and silicon, and is the most abundant of the 
metals. A large proportion occurs in the form of aluminosilicates, 
complex and very refractory substances which cannot at present 
be profitably used for its manufacture. From this point of view 
the only important ores are bauxite, a hydrated oxide, AI2O3.2H3O, 
always associated with ferric oxide and silica, and to a less degree 
cryolite, 3NaF.AlF3, found in Greenland, where it is said to be used 
by the Eskimos for snuff. The principal deposits of bauxite are 
in the south of France, ^uth America, U.S. A., Ireland, and Hungary. 

For the manufacture of aluminium the bauxite must be purified. 
It is heated with caustic soda solution under pressure, whra the alu- 
minium oxide dissolves as an aluminate while the impurities remain 
^di^lved: 

Al308+20H'==2A102'+H30. 
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The solution is filtered and pure hydrated aliuninium hydroxide 
precipitated from it either by carlxm dioxide or by the addition of 
a little of the ciystaUine hydroxide itself. The possibility of 
carrying out this remarkable process is attributed to the slow 
spontaneous formation of more condensed and less soluble forms 
of the hydroxide, the precipitation of which is assisted by seeding 
with the oystaJline substance, < 

Aluminium, like the alkali-metals, is too electropositive to be 
made by electrolysis of its aqueous solutions, and is m^ufactured 
on a very large scale by the electrol 3 reis of bauxite di^olved in 





Fig. 131. Manitfacturb of Aluminium 

molten cryolite. Since sodium is much more electropositive than 
aluminium , there is no danger that sodium will be found in the 
{noduct, but on the other hand any iron present in the bauxite as 
an impurity wiU be deposited at the cathode. Pure bauxite must 
therefore ^used. It reaches the aluminium works as a fine white 
powder that can be forced through pipes like a liquid, and is 
delivered in this way to the dectrol 3 rtic furnaces. These furnaces 
work at 5*5 volts. The anodes consist of carbon blocks, made 
from gas carbon and pitch pressed together in a mould, and are 
h^ in iron sockets. They are slowly attacked by the oxygen 
evolved at the anode, and last about ten days. The cathodes 
are of cast iron. The alununium alloys with them, and they 
are periodinlly removed and sold to iron foundries as ' deoxidizing 
scrap.* The menaces are tapped about twice a wedc; the molten 
tdustu&itim is run ipto a budket conv^r and carried to tte refii^g 
furtiaoes as laindly as possible, since molten aluminhim is readily 
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oxidized by the air. Here it is kept liquid while heavy impurities 
sink to the bottom as a slag. The oxide is then skimmed from the 
top fl-nd the metal run into moulds. It contains a little iron as 
impurity. 

The manufacture of a kilogram of aluminium by this process 
requires about 25 kilowatt-hours; a cheap supply of electricity is 
therefore essential, and to avoid transmission losses aluminium 
works are usually situated near water-power which can be converted 
to electricity. The largest aluminium undertaking in the British 
Isles is the British Aluminium Company at Kinlochleven, in 
Scotland, where abundant water-power from Ben Nevis is available. 
These works supplied all the aluminium high-tension cables required 
by the ‘ grid ' electricity supply scheme. 

The rise of the aluminium industry is one of the romances of 
industrial chemistry. In i860, when aluminium was produced 
by reduction of its compounds with sodium, the metal cost some 
forty shillings a pound. In 1886 Hall in America introduced the 
modem electrolytic process, and production increased at such a 
rate that by 1895 the price per pound had sunk to is. 5 d. The 
development of the light aluminium alloys and their modem uses 
in aircraft, machinery, housing, and metal articles of aU kinds has 
led to a further great expansion in the industry, and production now 
reaches over 300,000 tons per annum. 

Properties. — ^Aluminium is a silvery-white metal with a density 
of 27. It melts at 659® and boils in the absence of air at about 
1800®. The hardness of the metal depends on the treatment to 
which it has been subjected; at temperatures not far below the 
melting-point aluminium becomes brittle and may be powdered. 
It is an excellent conductor of electricity and is now widely used 
for that purpose in place of the more expensive copper. 

In air at ordinary temperatures aluminium becomes coated with 
a thin film of oxide which tarnishes it. If strongly heated in air 
or oxygen the metal bums, forming oxide with traces of nitride, 
and the molten metal is rapidly oxidized in the air. Ihe amal- 
gamated metal is also rapidly oxidized, and a strip of foil treated 
in this way and exposed to the air soon becomes too hot to hold, 
while flecks of the oxide appear on its surface. The formation of 
an oxide film prevents aluminium from dissolving in water, even 
though its standard electrode potential is about — 1*66 volts, but 
quite small traces of certain impurities either in the aluminium or 
in the water allow the action to proceed slowly, especMy on 
boiling. The hydrogen ion concentration even of solutions of 
ammonium salts of strong acids is sufficient to prevent the formation 
nf an oxide film and to allow the dissolution of the metal. 

Aluminium dissolves readily in acids if measures are takw to 
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keep the surface clear. Hydrochloric acid dissolves it under al] 
conditions, but dilute sulphuric acid is nearly without action, as a 
fihn, perhaps of hydrogen or perhaps of a basic sulphate, is formed 
on the suxiace. This film can be removed by boiling, and the 
metal liberates hydrogen from hot dilute sulphuric acid, and 
sulphur dioxide from the hot concentrated acid. In nitric acid 
of all concentrations the metal readily assumes t^ passive 
state, and aluminium containers are used for the trans;|ort of this 
substance. 

Aluminium vigorously liberates hydrogen from alkalin^solutions. 
The cause of this reaction is the formation of an aluminatip: 

2A1+20H'+2H20==2A102'+3H2 t . 

The hydroxyl ion concentration of sodium carbonate solutions is 
fully sufficient for the reaction to take place. 

Aluminium is a reactive element that readily unites with all 
the halogens and can easily be oxidized. Combination with the 
halogens takes place at room temperature or on gentle heating, and 
when once started proceeds with incandescence. A dry mixture 
of aluminium powder and iodine is comparatively stable, but if 
a drop of water is added it inflames with the production of a 
pi^le cloud of iodine vapour. With hydrogen chloride, alu- 
minium produces aluminium chloride and hydrogen even at room 
temperature. 

In the pure state or in alloys aluminium is now used in large 
quantities for constructional work, cooking utensils, electric cables, 
aircraft, and in all machinery where lightness and strength are 
required, e.g. in motor cars. The welding of the metal is difficult 
on account of the ease with which it oxidizes on heating, and it is 
usually more satisfactory to replace the damaged part. The two 
most important alloys of the metal are duralumin (about 95 per 
cent Al, 4 per cent Cu, 0*5 per cent Mg, 0*5 per cent Mn) and mag- 
ndlium (aluminium with i or 2 per cent each of ma^esium, 
copper, and nickel). Aluminium is also used as a deoxidizer in 
the manufacture of steel. 

An interesting process has been devised by which aluminium 
can be coated with a permanent and resistant film of oxide. The 
article to be coated is made the anode m a bath containing chromic 
add. It rapidly becomes covered with an invisible but tenacio^ 
coating, and a high voltage is needed to pass the current. Certain 
dyes can be incorporated in the coating by simply adding them to 
the bath, and the artides produced in this way can be given a dull 
polish. 

Theie are several important uses of aluminium powder. The 
heat of combustion of alumimum is high, some 400,000 calories 
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per gram-atom, and its great afiSnity for oxygen has important 
applications. In a recently invented blowpipe a stream of the 
powder is burned in a current of oxygen, the resulting temperature 
exceeding that of the oxy-hydrogen blowpipe. The use of the 
powder as a reducing agent on the large scale is, however, of much 
earlier introduction, and is due to Goldschmidt, whose process 
for the manufacture of metals 
whose oxides are difficult to 
reduce is still in use. In the 
process this metal oxide is 
mixed with aluminium powder 
in a large crucible, usually 
placed inside another crucible 
packed with sand in case the 
first should crack. The mix- 
ture is fired by a fuse of alu- 
minium powder and barium 
peroxide, which becomes in- 
candescent when itself ignited 
by a burning magnesium 
ribbon, and starts the main 
reaction. The heat developed 



metal oxide U\ ~=:~r-:=r ~=r r/v 


Fig. 122. Goldschmidt’s Process 


is enough to melt the whole contents of the crucible, and a lump of 
the metal, often in a state of high purity, collects at the bottom. 
Thus with chromium the reaction is: 


2 Al+Cr 203 =Al 203 + 2 Cr, 

and the product has a purity of 98 to 99 per cent. Metals prepared 
in this way are free from carbon, and this is often an important 
advantage. 

A mixture of aluminium powder and ferric oxide is used under 
the name thermit as a source of heat. When once begun the reaction 
takes place very rapidly, and the temperature produced under 
favourable conditions is said to exceed that of the electric furnace. 
Thermit is used for remelting metal in foundries and for welding 
pi^s or rails together; these are simply surrounded by thermit, 
which is then fired and melts them together. 

The explosive ammonal consists of ammonium nitrate and 
aluminium powder. It must be fired by a detonator. 

Powdered aluminium is the basis of the so-called ' silver ' paint 
now often used for coating radiators and other metal-work. 

Alammiam oxid e j A^Os^ and hydroxide. — This substance occurs 
native, not only in the hydrated form as bauxite, but also anhydrous 
corundum^ Many gems, among them ^pphires, rubies, and 
oriental ame^ysts, consist of aluminium oxide coloured by traces 
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of oxides of other metals. Artificial rubies have been made by 
fusing aluminium oxide in the blowpipe with the addition of a little 
chromic oxide: the product can be distinguished from a natural 
ruby only by examination imder a microscope, which reveals 
fine bubbles of air in the synthetic material. 

The name alumina is given to the oxide. Its preparation on 
the commercial scale has been briefly described. In the ^laboratory 
it may be made by heating pure aluminium sulphate|to a high 
temperature with anhydrous sodium carbonate and washing the 
sodium sulphate from the cooled product. It is a colourless solid, 
which can be obtained in the crystalline form, and melt^ at about 
2000®. When strongly heated, the oxide suffers an interriWl change 
and is no longer hygroscopic. It is very stable at all temperatures, 
and must be heated very strongly indeed — e.g. with the oxy- 
hydrogen blowpipe — ^before it can be reduced with hydrogen. It 
dissolves only slowly in acids or alkalis, whether in solution or fused. 
Under the name of alundum, the fused oxide has been used in the 
manufacture of refractory crucibles. Alumina in a finely divided 
state is the most popular adsorbent in chromatographic analysis 
(see T. I. Williams, An Introduction to Chromatography, 1946). 

The monohydrate, AI2O8.H2O, is known as diaspore, the tri- 
hydrate, AI2O8.3H2O, as gibbsite; they both occur in nature. 
By the addition of ^kaline solutions to solutions of aluminium 
sadts a gelatinous precipitate is throvm down which consists of the 
oxide, or hydroxide, associated with varying amounts of water. 
It must be strongly heated before all the water is expelled. When 
freshly precipitated it is freely soluble in acids, with the formation 
of aluminium salts, but after it has been kept for some time it 
grows insoluble. X-ray examination shows that this change in 
the solubility is accompanied by a change in the crj^stal structure. 
The gel very readily absorbs substances from solution, and these 
cannot easily be removed by washing. It has been used in water 
purification: a precipitate of the hydroxide is produced in the 
water by the addition of alum and lime, and this carries down with 
it any floating impurities. 

Aluminium hydroxide is soluble in solutions of sugar, glycerol, 
and many other hydroxylic organic compoimds, with which it 
probably forms complexes of a chelate type, and it cannot be 
precipitated by aUcaUs from aluminium solutions in which these 
substances are pr^ent in sufficient concentration. It is amphotenc 
and dissolves in acids to form aluminium salts and in bases to form 
aluminates: 

Ar-+30HVA1(0H)8^H+A102'+H20. 
the acidic properties of the hydroxide ate very weak, and the 
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alumiiiatcs are much hydrolysed. Most of the available evidence 
points to a formula AIO2' for the aluminate ion, and each gram- 
molecule of sodium or potassium hydroxide will bring approximately 
one gram-molecule of aluminium hydroxide into solution, in 
accordance with the equation: 

A1(0H)3+0H'=A102'+2H20. 

But the aluminates can exist only in alkaline solutions, as otherwise 
aluminium hydroxide is precipitated, and even carbon dioxide 
reduces the hydroxyl ion concentration of the solution enough to 
bring this about. 

In the solid state the aluminates of the alkali-metals can be 
prepared by fusing aluminium oxide with caustic alkali, or by 
vacuum evaporation of the solutions obtained either in the manner 
already described, or by dissolving aluminium in aqueous caustic 
alkalis. 'Ihey are colourless solids with formulae such as NaAlOj, 
and various hydrates can be prepared. The hydrolysis of aluminate 
solutions is a slow reaction, and is also complicated by the molecular 
change in the hydroxide which has already been alluded to. 

In several so-called aluminates, e.g. spinel, MgAljO^, there is a 
lattice composed of the simple ions Mg“, Al*”, and O'. 

Aluminium peroxide* — By the action of hydrogen peroxide on 
aluminate solutions a colourless precipitate is produced which has 
oxidizing properties, and which in addition to aluminium sesquioxide 
and water is believed to contain an aluminium peroxide, AI2O4. 

Aluminium nitride, AIN, is prepared by heating aluminium to 
800® or over in nitrogen, or a mixture of mumina and carbon may 
be substituted for the metal. It is a yellow crystalline substance 
which melts with some decomposition at 2200®; it will not conduct 
electricity. It is unaffected by hydrogen and must be strongly 
heated in oxygen or air before any action takes place. With water 
it yields alumina and ammonia: 

A1N+3H20=A1(0H)3-1-NH3, 

and the manufacture of ammonia from bauxite, coke, and nitrogen 
wa§ the basis of the now obsolete Serpek process for nitrogen 
fixation. The pure alumina produced was used in the manufacture 
of aluminium. 

carbonato* — ^As might be expected, the addition of 
carbonate solutions to solutions of aluminium salts precipitates 
not the carbonate, which is unknown, but the insoluble and weakly 
basic hydroxide. 

Aluminium Halides. — ^AU these compounds can be made by 
nnion of the elements. The conflicting tendencies of aluminium 
fo form dectrovalent and covalent compounds are well Inrought 
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out m this series of compounds, for while the fluoride has a hieh 
meltmg-point and is unaffected by water, the other halides are 
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comparatively volatile substances easily hydrolysed. T%a other 
elements, aluminium most readily forms complex ions ^th the 
fluorides, and it is interesting to note that whereas the fl^oborate 
ion is BF,', the fluoaluminate is AIF,"'; this is a confirmation of 
the known ^ of the covalency maximum. All the aluminium 
halides readily form addition compounds with donor substances. 
The fluoride is unaffected by heating in air, while the iodide bums 
and Ae chloride and bromide show an intermediate behaviour. 
Solutions of all the halides except the fluoride have a considerable 
conductivity from hydrolysis, but the halide molecules appear not to 
be greatly dissociated, and their covalent character is further shown 
by their solubility in such solvents as benzene or carbon disulphide. 

Aln minmin fluoridet AIF 3 , is usually prepared by heating 
aluminium sulphate with sodium fluoride and extracting the product 
with water. It is a colourless solid, chemically inert and imaffected 
by acids and alkalis, but hydrolysed by heating in steam. A 
number of hydrates have been described, some soluble in water 
and_ some insoluble. The fluoaiwmifiates are obtained by the 
addition of fluorides to aliuninium fluoride. The fluoaluminates 
of the alkali-metals or ammonium are only slightly soluble in 
water, and sodium fluoaluminate, NagAlFj, which occurs in Green- 
land as the minerm cryolite, is of commercial importance. It is 
precipitated when sodium solutions are added to a solution of 
aluminium hydroxide in excess of hydrofluoric acid, and is a stable 
crystalline substance melting at about 1000° and almost insoluble 
in water. 

Ahlininiiaa oblraidfl, AICI3, is a compound of some importance 
in the laboratory on account of its use in organic syntheses. Before 
metallic aluminium was available in .quantity, the chloride was 
usually prepared by the method invented by Oersted, and still 
much u^ for the preparation of the chlorides of those metals, 
such as rirconium, whicli cannot easily be procured in the elemen- 
tary state. In this method a mixture of the oxide with carbon is 
heated in a current of chlorine: 

sCO-f-zAlClj. 

H h now more usr^ to pass hydrogen chloride or cWorine over 
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the heated metal in an apparatus such as that shown in the diagram. 
As the product is attacked by water, the stream of gas must be 
carefully dried, and to avoid excessive exposure to the atmosphere 
the chloride is usually collected in the bottle in which it is to be 
kept. A wide tube must be used to prevent blockage. If necessary, 
the chloride can be purified by sublimation in a current of dry 
hydrogen or nitrogen. 

Aluminium chloride forms colourless and very deliquescent 
crystals which sublime on heating, but by rapid heating they can 
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Fig. 123. Preparation of Aluminium Chloride 


be converted to a liquid boiling at 183®. The vapour density at 
temperatures near the boiling-point corresponds with a formula 
Al^Cle, but at higher temperatures dissociation into simple molecules 
takes place. In an indifferent solvent such as carbon disulphide, 
aluminium chloride is polymerized to double molecules, but in 
donor solvents like water, with which it is probably combined, 
cryoscopic measurements lead to the simple molecular weight. 

The constitution of the double molecule is 


Cl Cl Cl 

\ / '^ / 

A 1 A 1 

/ f\ / \^ 
Cl Cl Cl 


Aluminium chloride is hydrolysed by steam, and when heated 
in the air yields either an oxide or an oxychloride. It forms 
addition-compounds with many donor substances, among them 
ammonia ancf ammonium salts, phosphine, carbonyl chloride, and 
certain hydrocarbons such as benzene. The compounds with 
ammonia are extremely stable, and that with the formula 
AlCl3,NH|i has a vapour pressure of only 100 mm. at more than 
700®. Aluminium cluoiide is used as a catalyst in cracking petroleum. 

The chloride is extremely soluble in water, ^d at room tem- 
perature (15®) 100 gm. of a saturated solution contain more 
than 40 gm. of it. The solutions are little dissociated and much 
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hydrolsrsed, the hydrol}^ reaching nearly 30.per cent in a fiftieth- 
molar solution at room temperature. The hydrolysis is, however 
less than that of ferric chloride solutions in similar circumstances! 
Evaporation of the aqueous solutions yields the hyioxide mixed 
with the chloride or perhaps with oxychlorides, but various hydrates 
of aluminium chloride can be prepared by careful evaporation of 
its solutions in hydrochloric acid. Unl&e the anhydrous salt, 
these hydrates will not dissolve in such solvents as benz^he. 

Aluminium bromi^ AlBrg, is prepared by the action of bromine 
vapour on hot aluminium. If liquid bromine is used themction is 
inconveniently violent, and the heat developed is suffitient to 
melt the metal. The bromide is purified by distillation, is a 
colourless solid resembling the chloride in its properties: like the 
chloride, it exists in double molecules in the vapour state and in 
inert solvents. It is easily converted to oxide by heating in the air. 

Aluminium iodide, Allj, is prepared by the action of excess of 
ahuninium on iodine, followed by strong heating to expel any 
unchanged halogen. The reaction, which is accompanied by 
incandescence, proceeds spontaneously at room temperature if a 
drop of water is added to the mixture. The heat developed is 
then sufficient to volatilize the iodide, which bums in the air with 
a red flame, forming aluminium oxide and iodine. The iodide is 
hydrolysed by water. 

Aluminium sulphide, AI2S3. — It was a successful attempt to 
prepare aluminium sulphide by the action of aluminium powder on 
lead sulphide at a high temperature that led Goldschmidt to the 
invention of the process for the reduction of metallic oxides and 
sulphides which now bears his name. The compound can be pre- 
pared by mixing the powdered elements in the correct proportions 
and starting the reaction with burning magnesium ribbon ; combina- 
tion then takes place with the development of great heat. The 
sulphide can be purified by sublimation at a very high temperature 
(1500®) in an inert atmosphere. It is a colourless solid melting at 
iioo®, and is decomposed by water, so that it cannot be precipitated 
from aluminium solutions, which are unaffected by hydrogen 
sulphide and precipitate aluminium hydroxide when treated with 
ammonium stdphide. The action with water, which takes place 
according to the equation: 

Al3S,+6H20«2Al(0H), ^ +3H«S f , 

has been used for the preparation of pure hydrc^en sulphide. Not 
all the sulphides of weak insoluble bases are decomposed by water; 
fc»r this reaction to take place it is essential that the sulphide 
should be slightly soluble. 

Atomimum snlptiilte, Al2{S04)8, is prepared on the large scale 



GROUP III AND THE RARE EARTHS 539 

from bauxite by dissolving in sulphuric acid the pure hydrated 
aluminiuni oxide which can be obtained from this mineral. 
Numerous hydrates are known, of which the most important is 
the substance Al2(S04)3.i8H20, which separates from the aqueous 
solutions. The sulphate is very soluble in water. If strongly heated, 
e.g. to 750®, the sulphate loses sulphur trioxide and leaves the oxide. 

Aluminium sulphate is used in sizing paper, tanning leather, 
waterproofing cloth, and as a mordant in dyeing wool or cotton. 
For these purposes the alums are also frequently employed. The 
alums are double sulphates such as K2S04.Al2(S04)3.24H20, a salt 
to which the name potassium alum, or simply alum, is given. The 
univalent metal can be any of the alkali-metals, ammonium, or 
thallium, and the tervalent metal aluminium, gallium, indium, 
titanium, vanadium, chromium, manganese, iron, cobalt, rhodium, 
or iridium, while the sulphur can be replaced by selenium. For a 
substance to be called an alum, it need not necessarily contain 
aluminium. The alums are double salts, and in their solutions are 
decomposed into their constituent ions without any apparent 
formation of complexes. 

Potassium aluminium sulphate, ‘ alum* K2S04.Al2(S04)3.24H20, 
is precipitated when mixed concentrated solutions of potassium 
and aluminium sulphates are cooled. This process is carried out 
on a commercial scale, and alum is also obtained from a basic 
sulphate alunite, which is found at Civita Vecchia, in Italy, and 
has been used for centuries as a source of alum. This is heated, 
crushed, exposed to the air, and extracted with water; alum can 
then be obtained by concentrating the solution. When strongly 
heated, alum loses water and falls to a friable mass of the dehydrated 
double salt, called ‘ burnt alum.' 

One hundred grams of boiling water dissolve about 360 gm. 
of alum, but little more than one-hundredth part of this weight 
at 0® C. Alum can therefore very easily be purified by recrystal- 
lization. As the absence of iron is important in aluminium com- 
pounds which are to be used as mordants, alum is for this purpose 
often preferred to aluminium sulphate, which is not so easily 
purified. It is also used in tanning leather. 

Ahimwifini Ditrate» A 1 (N 08 ) 3 , can be prepared in solution by 
dissolving aluminium hydroxide in nitric acid. By evaporation 
of the solution in the presence of excess of nitric acid to prevent 
hydrolysis, the hydrate A1(N08)3.9H20 is obtained, and others 
w known. The salt is soluble in alcohol and acetone as well as 
in water. It readily decomposes on heating, and the anhydrous 
salt has not yet been prepared. 

Ahnnlfiimin — Several of these salts are found native 

in vai3m!ig degrees of purity, and they can also be prepared by 
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precipitation, as they are all insoluble in water. Minerals containing 
phosphates of aluminium are usually acted on only slowly by acids, 
and are best brought into solution by first fusing them with sodiuni 
carbonate and then adding acid to the cold mixture. 

Aluminium silicates and the aluminosilicates.— CAma clay, or 
kaolin^ is an impure silicate of aluminium, and complex alumino- 
silicates of the alkali- and alkaline-earth metals occur to nature: 
they are called zeolites. Similar substances, prepared Iby fusing 
china clay with sodium or potassium carbonate and san4 have in 
recent years attained considerable practical importance fader the 
name of permutites, and are further distinguished as sodium per- 
mutite, calcium permutite, and so on, according to the nature of 
the alkali- or alkaline-earth metal which they contain, t^ey are 
porous substances practically insoluble in water, but with the power 
of exchanging the cation with that of a salt solution in which they 
are placed. Thus if a solution of a calcium salt is poured through 
a layer of sodium permutite, the calcium is replaced by sodium in 
the solution and itself remains in the permutite: 

2Na permutite-|-Ca’*;r^2Na +Ca permutite. 

As the reaction is perfectly reversible, the sodium permutite can 
be recovered by pouring a concentrated solution of brine through 
the calcium permutite produced. This is the basis of an important 
process for softening water by removal of the calcium and mag- 
nesium salts. Soluble carbonates can also be removed from water 
by filtration through calcium permutite, which leaves a deposit of 
c^cium carbonate on the permutite. 


Subgroup A 

Scandium, Yttrium, Lanthanum, and the Rare Earth Metals 

Scandium 

Sc =44*96. Atomic Number, 21 

History and Occurrence. — ^This element was discovered by Nilson 
in 1879. Jts properties were found to correspond closely with 
those attrftuted by Mendeleeff to jm element undiscovered at 
the time of his description of it. Although widely distributed in 
small quantities, scan^um is a scarce element, and usually occurs 
in association with the rare earths. A mineral thortveitite is, how- 
ever, known that consists essentially of scandium silicate. 

For the separation of scandium from the rare earths and thorium 
special methods have been worked out which cannot be described 
b^. In some processes the elonent is precipftated as the fluonde, 
to others as scandium ammonium tartrate, and many further 
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processes have been devised. Neither scandium nor its compounds 
are of any commercial importance. 

Properties.— In its compounds scandium somewhat resembles 
beryllium, but it is uniformly tervalent. The , hydroxide is a 
stronger base than aluminium hydroxide, but weaker than the 
hydroxides of the rare earths. It is distinguished from aluminium 
hydroxide by its lack of amphoteric properties, as shown by its 
insolubility in caustic alkaline solutions, but, unlike the hydroxides 
of the rare earths, can be precipitated by the addition of sodium 
thiosulphate solutions, which are feebly alkaline through hydrolysis. 
This is made use of in one process for the separation of scandium 
from these elements. Scandium hydroxide is not so weak a base 
that scandium carbonate cannot be precipitated from solution— 
another distinction from aluminium — but scandium sulphide, like 
aluminium sulphide, is decomposed by water, at any rate on boiling. 
The halides of scandium are more salt-like than those of aluminium, 
they are less hydrolysed in solution, and are much less volatOe. 
All these properties are what would be expected from the position 
of scandium in the periodic table. 

The properties of the metal have not been closely investigated, 
but 1200° is given as the melting-point. 

Scandium fluoride, ScFg, is prepared by the action of hydrofluoric 
acid on scandium hydroxide, and much resembles the fluoride of alu- 
minium. It is a very stable substance only slightly soluble in water, 
but freely soluble in solutions of fluorides, provided that the fluoride 
ion concentration has not been reduced by the addition of acids. 
These solutions contain fluoscandates, yielding the ion ScFe'", and 
stable in the solid state. The complex is fairly stable, since ammonia 
will not precipitate scandium hydroxide from fluoscandate solu- 
tions. The fluoscandates of ammonium and the alkali-metals differ 
from the fluoaluminate by their much greater solubilitv in water. 

Scandium chloride, ScClg, is obtained by the action o^ a mixture 
of chlorine and sulphur monochloride on hot scandium oxide. It 
is a colourless solid which melts at 939® and begins to sublime 
somewhere over 800®, so it is much less volatile than aluminium 
chlpride. Its solutions are less hydrolysed than those of aluminium 
chloride, and it will not dissolve in alcohol. 

Scandium sulphate, 502(504)3, can be obtained in solution by 
^lissolving the hydroxide in dilute sulphuric acid, and crystallizes 
from these solutions as the hexahydrate Sca (50 Ja.bHgO, which can 
he dehydrated by heating. As some hydrolysis takes place, it is 
best to carry out the heating with a little sulphuric acid. 

Scandium oarhomito, 5ca(C08)3, can be precipitated from scandium 
solutions as the hydrate Sc2(C03)3.i2H20. If this substance is 
gently heated it loses carbon dioxide as well as water. 
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The Rare Earth Elements 

This term is applied to the elements of atomic numbers 57 to 71 
inclusive, as follows: 


57 La Lanthanum 

58 Ce Cerium 

59 Pr Praseodymium 

60 Nd Neodymium 

61 Pm Promethium 


62 Sm Samarium 

63 Eu Europium 

64 Gd Gadolinium 

65 Tb Terbium 

66 Dy Dysprosium 


67 Ho Holmium 

68 Er Erbium 

69 Tm Thulilim 

70 Yb Ytterbium 

71 Lu Lutet^um 


as well as to the remaining members of Group III, SulWoup A, 
39, Y, Yttrium, and, more rarely, 21, Sc, Scandium. The two 
last members of Group IV, Subgroup A, namely, 72, Hf, Hafnium, 
^d 90, Th, Thorium, are also sometimes included, but virith less 
justification. These dements wiU be considered with the elements 
of Group IV, and so will cerium, as it possesses features which 
distinguish it from the rare earths — ^notably a stable valency of 
four, feebly marked with praseodymium and neodymium, but 
unknown in the rest of the group. 

The elements of the rare earths are all tervalent, and have similar 
but not identical properties. They therefore occupy a peculiar 
position in the periodic table, since most elements are sharply 
distinguished in properties from their neighbours to the right and 
left. This peculiarity is reproduced, though more faintly, in the 
transition elements, and the same explanation has been advanced 
for both (p. 348), namely that the electron structures of the elements 
differ not in the valency group but in an inner group. But whereas 
in the transition elements the variation occurs in the outermost 
group but one, in the rare-earth elements it occurs in the outermost 
group but two, and this is why the similarity of properties is so 
much more strongly developed. 

The dectron structures assigned to aU the elements mentioned 
are as follows: 
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Throughout the set of rare-earth elements the valency electrons 
are three in numl^r, two having the type 6s orbit, and one the type 
5^ orbit. Only in cerium and its next neighbour praseodymium 
does one 4/ electron contribute to a quadrivalency. The xenon 
core of completed shells is common to them all, so that they differ 
solely in the content of electrons in 4/ orbits. 

Occonenoe and Extraction. — ^As their name implies, the rare 
earths are all scarce elements, though like many other scarce 
elements they are found in traces in many parts of the world. In 
practically aU rare-earth minerals several elements occur together, 
and this has added to the difficulty of their investigation. 

Gadolinite is a rare earth silicate discovered near Ytterby, in 
Sweden, by Gadolin towards the close of the eighteenth century. 
This obscure northern township has given its name, or parts of it, 
to no less than four of the chemical elements, namely 5d:terbium, 
yttrium, terbium, and erbium. Samarskite is a mixed uranate 
and tantalate of the rare earths discovered in the Urals in 
1839, and formerly considered to be a possible source of element 
No. 85 (eka-caesium, p. 431). The only important modem source 
of the rare earths is, however, monazite, which is essentially a 
mixture of phosphates of rare-earth metals with about 6 per cent 
of thorium phosphate. It is worked on the large scale for thorium, 
and the residues of this process consist of compounds of mixed 
rare earths from which all requirements can be supplied. For 
many years no use was known for these substances, and they 
accumulated in the hands of the manufacturers. Cerium is now 
an element of some small commercial importance, and the residues 
are worked for it; but the supply of the associated rare earths 
considerably exceeds the demand. They are not usually separated 
from the cerium salts. 

Separaticm oi Qie Bare Earths. — Cerium can be separated without 
much difficulty from the residues of the manufacture of thorium 
nitrate, because it is the only member of the rare-earth group to 
have a stable valency of four. Ceric hydroxide is a feeble base, 
^d the nitrate of quadrivalent cerium is easily hydrolysed to an 
insoluble basic salt, so that cerium can be separated by boiling the 
nitrates with excess of water, when the other alkaline-earth nitrates 
pass into solution. In another method ceric hydroxide is precipitated 
hy permanganate from a solution of a cerous salt: 

3Ce^*+MnO/+ioH20-3Ce(OH)4| +M.nO^^ +8H*. 

The solution must be kept slightly alkaline by the addition of sodium 
carbonate. Numerous other methods are available. 

The separation of the other rare earths is far more difficult. The 
&*st step is usually to divide them into groups according to the 
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solubility of their sulphates in a cold solution of sodium sulphate. 
The sulphates of yttrium and the elements of atomic number 
65 to 71 (i.e. Tb, Dy, Ho, Er, Tm, Yb, and Lu) dissolve readily, 
while the sulphates of lanthanum and elements 59 to 64 (i.e. Pr, 
Nd, Sm, Eu, and Gd) are very much less soluble. The former is 
called the terbium group, the latter the cerium group, since it is 
found to include cerium if this element has not already beeii removed. 
The elements Sm, Eu, and Gd from the cerium group, and Tp from the 
terbium group, are sometimes placed in an intermediate Aoup, and 
if this is done the classification of the rare earths by the solubilities 
of their double sulphates with sodium leads to the following result: 

A. Almost insoluble: La, Ce (if present), Pr, Nd. 

"R. Slighily soluble: Sm, Eu, Gd, Tb. 

C. Soluble: Sc (if present), Y, Dy, Ho, Er, Tm, Yb, Lu. 

It is interesting to notice that in the rare earths proper this 
property follows the sequence of the atomic numbers, whUe scan- 
dium and yttrium come in the same group as lutetium. Many of 
the properties used in the separation of the rare earths — chiefly 
solubilities — ^follow this order or something like it. Measurements 
of the hydrogen ion concentration of solutions of the rare-earth 
chlorides show that the order in the electrochemical series is also 
the order of atomic number (Ce/Ce®+, 2*3 v., Lu/Lu®+, 2*1 v.). In 
connection with Fajans* theory (p. 340) it may be noted that this 
order is also the order of decreasing radii of the ions M®+ (Ce, i'i8; 
Lu, 0*99). 

Separations within these groups are very difficult, and usually 
depend either on fractional precipitation of tiie bases with ammonia, 
or on fractional crystallization of the salts. The separation of 
cerium from group A has already been described, and as lanthanum 
hydroxide is a stronger base than the hydroxides of praseod5miiuin 
or neodymium, the two latter can be removed by fractional precipi- 
tation. An electrol)rtic method has also been used with success. 
When solutions of rare-earth salts are electrolysed, the insoluble 
hydroxides appear at the cathode, the weaker bases predominating 
in the precipitate. In this way nearly all the pras^5miium and 
neodymium can be precipitated while-.the lanthanum remains in 
solution. The separation of these two elements is effected by a 
laborious process of fractional crystallization from nitric acid of 
tte double nitrates with manganese. From the groups B and C 
ri&ariuxn, europium, and ytterbium are separable by reduction since 
they alone among the rare-earth elements show bivalency. 

It is seldom easy to follow in the laboratory the course ^ a 
separation, and in the past this has led to much confusion. The 
Metmination of the equivalent of the metal present in a sample 



GROUP III AND THE RARE EARTHS 545 

is a reliable method, and has been much used when there is a 
considerable difference between the atomic weights of the rare- 
earth elements to be separated. It is, however, rather tedious, 
and when possible resort is had to more rapid methods. Coloured 
salts, such as those of praseod5niiium and neod5anium, offer obvious 
opportunities, and measurement of the magnetic susceptibility 
sometimes provides a useful criterion. 

History ol the Bare Earths.— An outline of the history of the 
rare-earth elements has been deferred until this point with the 
object of giving the reader some idea of the difficulties with which 
the early workers had to deal. The lack of any rapid or obvious 
criterion of the individuality of an alleged element led to a large 
number of claims, nearly all of them now discredited, that new 
ones had been discovered. Mellor, in his Comprehensive Treatise, 
gives a list of no less than seventy reported discoveries, most of 
them unconfirmed. So baffling was the confusion in this field of 
research that Crookes at one time suggested that the rare-earth 
elements were really different forms of the same element. For- 
tunately in our own day the determination of the atomic number 
from the X-ray spectrum allows us to state with certainty the per- 
missible number of rare-earth elements and to assign places to those 
of which specimens are available. 

The history of the group begins in 1794 with Gadolin’s analysis 
of the mineral from Ytterby. By 1842, the earth derived from it 
had been separated into the three earths, yttria, erbia, and terbia. 
In 1803, cerium was discovered, and in 1842 it was shown to include 
not only a new earth, lanthana, but also didymia, now known to 
consist of a mixture of praseodymia and neodymia, but then 
regarded as a true element. Research continued actively through- 
out the second half of the century, and was greatly stimulated by 
the invention of the incandescent gas-mantle, which not only 
created a demand for thorium and small qusmtities of cerium, but 
gave investigators access to abundant supplies of rare-earth com- 
pounds produced as by-products of the industry. Welsbach 
himself took a prominent part in the discovery of new elements. 
The last of the rare-earth elements. No. 61, has not yet been con- 
firmed from ' natural ' sources. A radioactive isotope, of this 
atomic number and mass number 145 has however been isolated from 
the fission products of uranium, and nmi^iLpfomethium (Pm). 

Fropertte ot ttie Bare-earfh Elements and thdr Gomponnds.— 
Only a few of the rare-earth elements have hitherto been isolated, 
but where the isolation has been accomplished it is either by 
electrolysing the fused chlorides or by reducing them with alka^ 
metals. They are grey metals with a density of from 6 to 8. The 
hardness varies widely from metal to metal, and the atomic volumes. 
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so far as they are known, lie between 19 and 23. The melting-points 
are as follows, the differmces in the reported results being chiefly 
due to impurity of the material: 

YUrium Lanthanum Praseodymium Neodymium Samarium 

1250^-1490® 8io®- 826® 940® 840® i3oo®-i4oo® 

The metals tarnish in the air, and when ignited bum w|th a light 
more intense than that of burning magnesium, forming mixture 
of oxide and nitride. They also react when heated in fiydrogen, 
forming brittle hydrides. They are strongly electropositive, and 
liberate hydrogen slowly from cold water but more rapidlj^\from hot 
water or dilute acids. 

The oxides, with the exceptions noted below, have formulae such 
as La20s» ^md are obtained by heating the hydroxides, easDy 
precipitated by caustic alkalis from rare-earth solutions. These 
hydroxides are only slightly soluble in water and are fairly strong 
bases, stronger than aluminium hydroxide and of the same order 
of strength as ammonia. They show no amphoteric properties, 
and will not dissolve in alkaline solutions. Solutions of rare- 
earth salts are slightly hydrolysed, but less so than those of alumi- 
nii^, and the carbonates, imlike aluminium carbonate, can be 
precipitated in aqueous solution, but the sulphides are decom- 
posed by water, so the addition of soluble sulphides to rare-earth 
solutions precipitates the hydroxides. The oxides have very high 
melting-points, and are difihcult to reduce; like the hydroxides, they 
dissolve in acids. The table shows the colours of the oxides and salts 
of the rare-earth elements having coloured tervalent compounds. 
Somt; of the bivalent compounds are also coloured. 



Praseodymium 

Neodymium 

Samarium 

Europium 

Oxide 

green 

blue 

pale yellow 

pink 

Salts 

blue-green 

pink 

pale yellow 

yellow 


Dysprosium 

Holmium 

Erbium 

Thulium 

Oxide 

white 

yellow 

rose 

pale green 

Solis 

yellow-green 

yellow 

or 

orange 

rose 

green 


A few of the rare-earth dements Hisplay valencies other than 
three, but the compounds so formed are never very stable. Apart 
from cerium, which is discussed elsewhere and exduded from this 
sejDtipn, praseodymium, neodymium, and terbium form higher 
0^<les when the trioxides are gently heated in air or oxygen. These 
oxides aU yield the trioxide and oxygen when strongly heated 
The trichlorides of yttrium, samarium, and europium can he 
neduoed to dichlorides by hearing in hydrogen. These dichlondes 
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dissolve in water to form solutions which are oxidized by the air 
on boiling, and solutions of samarium dichloride liberate hydrogen 
even in the cold. Bivalent salts of ytterbium are also known, and 
europium or ytterbium can be separated as the insoluble bivalent 
sulphates prepared by electrolytic reduction. 

The valency of the rare-earth elements was at one time a matter 
of controversy, since no compounds are known which are sufficiently 
volatile to be used in vapour-density determinations. Even 
to-day the equivalents of many of them, on account of the diffi- 
culties of preparing pure material, are known with no great degree 
of precision, but the order of the atomic weights, and hence the 
valency, can be deduced with some certainty, either with the help 
of the X-ray spectrum or by the other methods available (p. 66). 

Carbonated* — The hydroxides are sufficiently basic to absorb 
carbon dioxide, but the carbonates are more easily prepared by 
precipitating a rare-earth salt solution with sodium hydrogen 
carbonate. Solutions of normal carbonates precipitate basic salts. 
The carbonates are insoluble in water, but dissolve in cold 
concentrated solutions of other carbonates. 

Halides . — The fluorides resemble aluminium or scandium fluorides 
in being insoluble in water, though hydrates of some of them have 
been prepared. They can therefore be obtained by precipitating 
rare-earth salt solutions with soluble fluorides. They are not 
hydrolysed even on evaporation to dryness fron. aqueous solution. 

The chlorides are much more saltlike and less volatile than 
aluminium chloride, and consequently cannot be prepared by the 
action of chlorine on the oxide and carbon. They can be obtained 
by the action of chlorine or hydrogen chloride on the metal, or 
more conveniently by dissolving the oxide, hydroxide, or carbonate 
in hydrochloric acid and evaporating to dr3niess in a stream of 
hydrogen chloride to prevent hydrolysis. They are hygroscopic 
solids soluble in water or alcohol. Their aqueous solutions are 
slightly hydrolysed, but less so than those of aluminium chloride. 
Their melting-points, so far as they are known, are as follows 
(degrees Centigrade): Y, 624; La, 872; (Ce, 822); Pr, 823; Nd, 761; 
3 m, 682; Gd, 628; Tb, 588; Ds, 680; Ho, 696. 

Sidphides* — These compounds have formulae such as La^S^; they 
are decomposed by water, and must be prepared in the dry way, 
usually by the action of carbon disulphide vapour on the heated oxide. 

Suljj^tiates. — ^These have formulae such as La2(S04)8, and can be 
prepared in solution by the usual methods. Evaporation of the 
solutions yields hydrates from which the water of ci^tallization 
can be removed by careful heating, an operation which produces 
a basic salt when applied to hydrated aluminium sulphate. The 
solubility of the sulphates of all the rare-earth elen^nts decreases 
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rapidly with rising temperature: thus loo gm. of a saturated 
solution of praseraymium sulphate contains 16-5 gm. of the 
an^drous salt at o“, but only i gm. at 95°. 

Hlfacatos. — Salts such as La(NOs)8 can be prepared in solution by 
the usual methods, and separate from the solution as hyiates, 
but attempts to prepare the anhydrous salts by heating the hydrates 
lead to decomposition. The hydrates are soluble in wat#, alcohol, 
and acetone. 


Subgroup B 

Gallium, Indium, Thallium 
Gallium 

Ga=6972. Atomic Number, 31 

A comparison of the spectrum of indium, which had been dis- 
covered in 1863, with that of aluminium, led the French chemist 
I^COQ DE Boisbaudran to suppose that an element as yet undis- 
covered existed with intermediate properties. In 1868 his search 
was rewarded by the discovery of a new element in a sample of 
zinc blende from the Pyrenees; he called it gallium in honour of his 
country. The properties of the new element were substantially the 
same as those assigned by Mendeleefi to eka-aluminium. 

OoooEtaioe and Fnpoties.— Gallium is one of the scarcest of 
elements, and our knowledge of the metal and its compounds is 
still imperfect. It usually occurs in minute quantities in zinc 
blende, and is best separated from zinc, which it somewhat resembles, 
by dectrolysis of an aqueous solution of its salts. Its standard 
electrode potential lies somewhere between that of zinc, —076 
volts, and of indium, — 0*35 volts, and it can readily be separated 
by the electrolytic process from aluminium, a metal which cannot 
be precipitated from aqueous solutions. Alternatively it may be 
freed from zinc by precipitating the latter as carbonate. Gallium 
carbonate caimot be precipitated from solution, but the conditions 
must be carefully controlled, or the hydroxide is thrown down. 

The metal obtained by dectrolysi&-is a brittle grey substance 
with a density of 5-9 and the remarkably low melting-point of 30'. 
It btnis at 2000®. The electrical conductivity is about twee that 
of rnerct^, but mudi less than that of alummium. Gallium does 
tarnish m air, and is stable in air or oxygen unless strongly 
• heated, nor is it affected by air-free water. It dissolves slowly m 
addt^ and will also liberate hydrogen from alkaline solutioiis. 

In its compounds gallimn displays a stable valency of three ana 
an -unstable vakmey xA tme. Gallic hydroxide appears to be a 
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rather stronger base than aluminium hydroxide, but it is ampho- 
teric, and gallic salts are partially hydrolysed in solution. They 
are colourless. 

Oxides and hydroxides. Gallic oxide, 03^03, be obtained by 
ignition of the nitrate, or by heating the metal with nitric acid. 
It is a colourless solid with a high melting-point, soluble in acids 
or alkalis, but only slowly if it has been strongly heated. The 
hydroxide is thrown down by the addition of caustic alkalis or of 
carbonates to solutions of gallic salts, which are, however, unlike 
aluminium salts, unaffected by the addition of soluble sulphides. 
Callous oxide, GaO, has not been obtained. No carbonate of gallium 
is known. 

Hahdes. — Gallic chloride, GaCl3, is prepared by union of the 
elements. It is a colourless, hygroscopic solid, melting at 76® and 
boiling at 215®, soluble in water or benzene. It is partially hydro- 
lysed in aqueous solution or in moist air, and when acted on by 
excess of water precipitates an oxychloride, GaOCl. The vapour 
density indicates the existence of double molecules in the vapour 
phase, but at high temperatures dissociation takes place into single 
molecules. 

Callous chloride, GaCl2, is prepared by heating the trichloride 
with gallium. In solution it can be obtained by dissolving the 
metal in concentrated hydrochloric acid, but these solutions liberate 
hydrogen if diluted. The salt melts at 170® and is a powerful 
reducing agent. 

By the use of the physical technique of Raman spectroscopy its 
constitution has been shown to be Ga’(GaCl4)', and it hence contains 
both uni- and tervalent gallium; 

Gallic sulphide, Ga2S3, cannot be prepared in solution; it has, 
however, recently been obtained by union of the elements. 

Gallic sulphate, Gdi^{SO^^, can be obtained as a hydrated salt by 
the usual methods. It is very soluble in water, and the solutions 
on boiling deposit a precipitate, either of the hydroxide or of a 
basic salt, which re^ssolves on cooling. Gallium can replace 
aluminium in the alums. 

Gallic niirale, Ga(N03)3, can be obtained as a hydrated salt by 
the usual methods, and can be dehydrated in a dry atmosphere 
at 40®. heated it yields the oxide. 

Indium 

In=ii4‘82. Atomic Number, 49 

OcciiXiieMe Pioperties. — ^In 1863 Reich and Richter, with 

the help of the spectroscope, discovered a new element in zinc 
blende from Freiberg. They called it indium after the indigo 
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colour of con^icuous lines in its spectrum. Indium is a very 
rare element, but its compounds have been more thoroughly 
investigated than those of gallium. It usually occurs in small 
quantities in association with zinc, from which it can be separated 
by dectroly^, or by precipitating it as the hydroxide In(0H)3 
with ammonia, with which zinc forms soluble complexes. * 

Metallic indium can be prepared by electrol3rsis, or by reducing 
the oxide with hydrogen or sodium. It is silver-white, ha| a density 
of 7*3, and is so soft that it can be squeezed between me fingers. 
It melts at 155® and boils at 2100®. Its standard electrod^ potential 
is — 0*35 volts, and it is less electropositive than gallium or zinc, 
so that pure indium can be deposited from a solution of me mixed 
salts of these three metals. TTie metal does not easily tarnish and 
is unaffected by water, but if strongly heated in air or oxygen it 
bums. It dissolves rapidly in acids, but not in alkalis: this again 
distinguishes it from g^um. 

Indium has a stable tervalency and (apparently) lower valencies of 
two and one: these lower valencies are, however, more conspicuous 
in indium than iii gallium. The compounds of indium somewhat 
resemble those of zinc and cadmium. The trihydroxide is a 
stronger base than the hydroxides of aluminium or gallium, and 
indium salts are not much hydrolysed in solution. They are 
colourless. 

Indiiim tiioQdd6» In^Os, is obtained by burning the metal or by 
heating the nitrate, carbonate, or hydroxide. It is a pale yellow 
solid with a high melting-point. The hydroxide can be precipitated 
from solutions of indium salts by caustic alkalis or by ammonia, 
and can be converted to the oxide at 650®. It has feeble acidic 
properties and will dissolve in cold caustic potadi, to be repre- 
cipitated on boiling, but the hydroxyl ion concentration of aqueous 
ammonia is insufficient to di^olve it. Reduction of the trioxide 
by hydrogen at a temperature not above 400® leads to a product from 
which the oxide In^O sublimes on heating in vacuo at 750®. The 
ex^tence of an oxide InO is unproved. 

Indiiim oasbonate can be precipitated from indium solutions by 
soluble carbonates: this distinguishes indium from aluminium or 
galliunu - 

WftHilAa — Indium fluoride, InF,.3H,0, is soluble in water, and 
be prepared by evaporation of the solution of the hydroxide in 
hydrofluoric add. The solutions are decomposed by boiling, and 
^ salt is efflorescent in air. The water can Ixs removed by careful 
luting at 100°. Indium fluoride is insoluble in alcohol. It can be 
reduced to the metal by heating in hydrogai. 

: iruMoride, XnQ,, is usually prepared by passing chlo^e 

; (Wer »i»ated mixture of ti&e tiioxide with carbon. It is a colourless 
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deliquescent solid, soluble in water and benzene, and volatilizes at 
about 600®. The vapour density indicates single molecules in the 
vapour, with a tend^cy to dissociate, perhaps into the dichioride 
and chlorine, at h^h temperatures. 

Indium dichloride, InCl,, is a colourless crystalline substance 
obtained by heating the metal in a current of dry hydrogen chloride. 
It is decomposed by water into indium and a tervalent salt: 

^ “j-zInClg, 

In the light of the recent investigation of gallium dichloride (p. 
549) it becomes doubtful whether InClg is a correct molecular 
formula. 

Indium monochloride, InCl, has been prepared by distilling a 
mixture of the dichloride and indium in a current of carbon dioxide. 
It is a dark red solid whose decomposition by water resembles that 
of the dichloride: 

3lnCl=2ln I +InCl8. 

The vapour appears to consist of single molecules. 

Indium tribromide, InBrg, obtained by union of the elements, 
recalls the halides of the adjacent element cadmium in its tendency 
to form auto-complexes in solution, as shown by conductivity 
measurements. AU the trihalides of indium readily form such 
complex anions as InCl4' or InBre'", in which the indium has a 
covalency of four or six. 

Indium trisulphide, In^Ss, unlike the sulphides of aluminium and 
gallium, can be precipitated from indium salt solutions by hydrogen 
sulphide, provided tie solution is no more than faintly acid. It 
then appears as a yellow solid soluble in acids, and can be reduced by 
heating in hydrogen to indium monosulphide, Ii^. A red form of 
the trisulphide is obtained by heating indium with sulphur. 

luflinTin siilpihate» ln2(S04)8, can be obtained as a hydrated salt 
by the usual methods, but attempts to dehydrate it by heating 
lead to the production of a basic salt. The anhydrous niirate, 
In{N08)3, is likewise unknown, as the hydrated nitrate, if heated 
to a temperature sufficiently high to drive off all the water, yields 
the trioxide. 


Thallium 

T1=204*39. Atomic Number, 81 

OoemmoB and Properties.— In 1861 Crookes discovered a new 
dement in the flue dust of a Grerman sulphuric acid works. It 
was distinguished by a bright green line in the spectrum, and in 
illusion to this he gave it the name of thallium (Greek thaUos, 
^ young shoot). 
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Though much more abundant than the other members of the 
subgroup, thallium is a scarce element. As no important uses 
have been discovered for thallium or its compounds, the extraction 
of the element from its ores is improfitable, and the only two 
considerable sources of thallium are the residues of the lead-chamber 
sulphuric acid process and the mother liquors of the manufacture 
of zinc sulphate. The thallium can be separated withoiit difficulty 
by precipitation as the very slightly soluble thalloul chloride, 
TlCl, after first precipitating as sulphides from strongly aqid solution 
lead, bismuth, silver, and any other elements which might be found 
in the precipitate. r 

Metallic thallium can easily be obtained by electrolysis oi solutions 
•of thallous salts, or by reducing such solutions with zinc. It 
is a grey metal with a density of 11*9, resembling lead in appearance, 
and like lead it is bright when freshly cut, but quickly tarnishes 
in the air. Thallium is softer than lead and melts at 302°; the 
boihng-point has been given as 1300®, but much higher values 
have been reported. 

When heated in oxygen the metal bums to thallic oxide, TI2O3, 
and it will combine with the halogens. The standard electrode 
potential of thallium is —0*34 volts, very near the value for indium. 
The metal is unaffected by water, but it will decompose steam at 
a red heat, forming a mixture of thallous and thallic oxides, and it 
will dissolve, though not very readily, in dilute acids. 

In thallium the group valency of three is not very stable, and 
the thallic compoimds are oxidizing agents derived from the rather 
weaWy basic thallic oxide. The oxidation potential of the change 
Xr*’— ►Tr is -fi’25 volts. The thallous compounds, on the other 
hand, are very stable, and thallous hydroxide is as strong a base 
as the caustic alkalis. The valency of three predominates, how- 
ever, in the covalent thallium compounds (compare the adjacent 
element lead). 

OtiSea aaA hydroxides. — Thallous hydroxide, TlOH, is soluble in 
water and cannot therefore be obtained by precipitation. It can 
conveniently be prepared by mixing equivalent solutions of thallous 
sulphate and barium hydroxide, and evaporating the filtrate to 
drjmess. 4t forms yellow cryst^ soluble in cold and very 
soluble in hot water, and it also dissolves in alcohol. It can be 
converted to thallous oxide by heating to 100® in the absence 01 
air. The solutions are strong bases which, like the caustic alkalis, 
greedily absorb carbon dioxide from the air; some oxidation may 
take place. They also resemble the caustic alkalis in attacking 
when hot and concentrated 

oxide, Tlfi, is a ydlow solid which darkens on heating- 

is prepared by heating the hydroxide in the absence of air. ai 
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heated in the air it takes up oxygen to form thallic oxide. Both 
thallous oxide and hydroxide are soluble in acids. 

ThuUic oxide t TI2O8, is obtained by the action of oxygen on molten 
thallium, which becomes incandescent, or by strongly heating thal- 
lous nitrate, or by adding hydrogen j^roxide to alkaline thallous 
solutions. It is a black substance which melts at 725® and in the 
molten state strongly attacks glass. At low temperatures it is 
the stablest oxide of thaUium, but at 700° the dissociation pressure 
of oxygen reaches 115 mm. It has some oxidizing properties even 
in the cold. A reddish-brown solid is precipitated from hot concen- 
trated solutions of thallic salts by ammonia or caustic alkalis, or by 
oxidizing thallous solutions with permanganate. On the other hand, 
a yellow solid results from the hydrolysis of thallic chloride — con- 
veniently by the dilution of concentrated solutions of thallic chloride 
with a considerable quantity of water. It was formerly thought 
that these two apparently distinct solids were different forms of 
thallic hydroxide, but X-ray diffraction shows them to be each 
identical with thallic oxide, and the colour difference must be attri- 
buted to different fineness of division. Tervalent thallium, like its 
neighbour mercury, thus forms no stable hydroxide. 

Thallates. — If cMorine is passed into a suspension of thallic 
oxide in aqueous caustic alkalis, a deep red solution is produced 
which has been said to contain a thallate. No thallates have, 
however, been isolated, and if they exist at all they must be very 
unstable. 

Thidliiim peroxide* TlgOg, has been prepared by anodic oxidation 
of thallous solutions. 

Thallous carbonate, TI2CO3, is obtained by passing carbon dioxide 
into solutions of thallous hydroxide and then crystallizing the 
product. It is a colourless solid which melts with some decomposi- 
tion at 273®, and is often used in the preparation of thallous com- 
pounds. It is soluble in water, particularly on warming. 

Thallic oxide is too weakly basic to form a carbonate. 

Halides. — ^The monohalides of thallium are salt-like compounds 
with little tendency to covalency. The solubility relations resemble 
those of the silver or mercurous halides, that is to say, the fluoride 
is soluble and the chloride, bromide, and iodide increasingly in- 
soluble; moreover thallous fluoride is by far the most volatile of 
the halides. The melting- and boiling-points of the thallous hahdes 
are as follows (degrees Centigrade) : 

TIF TlCl TlBr Til 

Mriting-point 327 43© 45^ 44® 

BoCing-pouit 655 806 815 ®24 
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The thallic halides, on the other hand, are partially covalent: they 
are hydrolysed and can exist only in acid solution, they are soluble 
in organic solvents, and are decomposed by heating. All the 
halides of thallium readily form complexes with donor substances 
such as ammonia. 

ThaUous fluoride, TIF, can be prepared by the usual methods, and 
is a colourless crystalline compound very soluble in watet. At 20® 
the solubility is 80 gm. per 100 gm. of water. | 

ThaUous chloride, TlCl, is prepared by precipitating thallous 
solutions with soluble chlorides. It is a colourless soujifi which, 
like silver chloride, is darkened by light. One hundred g^i^s of a 
saturated solution in water contain 0*21 gm. of thaUous' chloride 
at o®, and i*8o gm. at 100®. The salt has been much used for 
investigations of the solubility-product principle. 

ThaUic chloride, TlClg, can be prepared in solution by passing 
chlorine into a suspension of thallous chloride in water. By 
evaporation, preferably in a vacuum, white crystals of a hydrate 
are obtained, and the water can be removed from these in a vacuum 
desiccator or by very cautious heating. Anhydrous thallic chloride 
melts at 60^-70® at seven or eight atmospheres pressure, but at 
higher temperatures it decomposes into thallous chloride and 
chlorine. It is very soluble in water, and is sta.ble in the presence 
of excess of hydrochloric acid, but the pure dilute solutions pre- 
cipitate thallic oxide readily. It is also very soluble in organic 
solvents, and with donor substances such as ether or pyridine 
readily forms addition compounds. In the solid state it also 
forms complexes with ammonia, and in aqueous solution with 
other chlorides. 

Other chlorides of thallium have been prepared with empincal 
formulae TlCl* and TlgClj, but they are believed to be complex salts 
such as T1(T1C14) and Tl8(TlCle): the same applies to the bromides 

and iodides. ^ , n 

ThaUous bromide, TlBr, resembles the chloride, but is pale yellow 

and less soluMe in water, 

ThalUc bromide, HBr,, has been made in the same way as thaUic 
chloride, but the salt has not yet been prepared anhydrous, as 
decomposition begins before all the water of crystallization can 

be removed. . ^ 

ThMom iodide, HI, is prepared like the chloride and broimae. 
and iwedpitated from dilute solutions in the cold is 
bht red and green forms can also be prepared. It is practicauy 
insdaHe in water. - 

21 MKc iodide. T 1 I» is obtained in b^k crystak by evaporating 
jSfix^ i^lMjlicsalutkHis of thallous iodide and iodine. 

WwHnna is prepared by mdting the elemen 
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together in suitable proportions, or by precipitating thallous 
solutions with hydrogen sulphide in alkaline or weakly acid solution. 
It is a black substance insoluble in water, soluble in acids with evolu- 
tion of hydrogeii sulphide, and easily oxidized to thallous sulphate. 

TbslIiO Solphid6» Tl2S3, cannot be prepared from hydrogen 
sulphide and thallic solutions, as this reaction yields thallous 
sulphide and sulphur. It is a black substance which must be madp 
by heating thallium with excess of sulphur. 

Ihalloiu sdph&te( TI2SO4, can be prepared by evaporating to 
dryness solutions prepared by the usual methods. It forms colour- 
less crystals which melt at 632° and are stable unless very strongly 
heated. It is not very soluble in cold water, but dissolves better 
in hot water. A very stable thaffium hydrogen sulphate, TIHSO4, 
is also known. 

Thallium forms alums in which it plays the part of the univalent 
metal, but it cannot, so far as is known, replace the tervalent metal. 

Tblillic sulphate, T 1 2(804)3, is made by dissolving thallic oxide 
in sulphuric acid, or by aMng barium peroxide to a solution of 
thallous sulphate. 

Thalloiis nitrate, TINO3, is made by dissolving thallium in 
moderately concentrated nitric acid and evaporating the solution 
to dryness. The product contains some thallic nitrate from which 
it can be freed by recrystallization. It is a colourless crystalline 
solid which melts at 206° and on strong heating yields thallic 
oxide. One hundred grams of water dissolve only 3'9i gm. of 
the salt at 0®, but 594 gm. at 105®. 

Thallic nitrote, T1(N03)3, is obtained by crystallization of a 
solution of thallic oxide in concentrated nitric acid; the solution 
deposits thallic oxide if diluted. It is easily decomposed by heating. 

Ihalloiu orOiophoBPhate, TI3PO4, is a colourless solid only very 
slightly soluble in water, and precipitated from thallous solutions 
by soluble orthophosphates. 



CHAPTER XVIII 
GROUP IV 


CARBON, SILICON, TITANIUM, ZIRCONIUM, CERIUM, H 
THORIUM, GERMANIUM, TIN, AND LEAD 
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The table shows some fundamental physical properties: 



Typical 


Subgroup A 


Subgroup B 


C 

Si 

Ti 

Zr 

Ce 

Hf 

Th 

Ge 

Sn 

Pb 

At, No. 

6 

14 

22 


58 

72 

90 

23 

50 

82 

At. Wt. 

12*^ 

2809 

47-90 

91*22 

140*13 

178-5 

232*05 

72*6 

118-7 

207-21 

Density 

1.58- 

1*65 

2*46 

4-5 

6*52 

7*0 

13-3 

12-0 

5*5 

7-2 

n '4 

At. Vol. 

7 - 3 - 

7-6 

11*4 

10*9 

13-97 

20'0 

134 

19*4 

13-2 

16-5 

i8*2 

M.-point 

3570" 

1414*’ 

.1725^* 

11857° 

635“ 

2227® 

1730® ’ 

958° 

232® 

327° 


la Group IV the systematic differences between the subgroups 
are slight, and it is even a matter of some difficultj^ to decide 
to vdiira subgroup the typical elements, carbon and silicon, show 
peatest resemblance. It will be seen from the table that the 
itomic voliunes are of no assistance in making a choice. 

The group valency of four is well marked i^oughout, and is the 
i grisciiNd ralenqr of all the denoits in the group except lead. 
The dbanistry of these eleihents, and partially of carbon, >s 
iltaaiimted by their wlency group of four ^wtrons, udiich allows 
tbeibi to fcmn stab^ compounds with eithar positive or negw^^ 
etecbmits (p. 5&1), e.%^ CH4 and CC 1 (. The stalnlity of the dioxide is 
r " ’ SS6 
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very marked throughout the group. The tendency to form positive 
ions increases in the usual way with the atomic number, but positive 
quadrivalent ions, though not unknown, are of infrequent occurrence 
on account of their high charge and the rather low atomic volumes 
of the elements concerned. At the opposite ends of the group 
carbon and silicon do not form positive ions, while thorium, tin, and 
lead predominate in this form in solution. On the other hand, the 
tendency to form volatile hydrides {the hydrides of Subgroup A 
are solids) increases in Subgroup B and the typical elements with 
decreasing atomic number, that is, from lead to carbon. The 
occurrence of valencies lower than four increases from silicon to 
lead, but decreases from titanium to thorium, and this is connect^ 
with one of the principal differences between the subgroups, which 
may be tabulated as follows: 

(i) In Subgroup A a stable valency of three sometimes exists 
together with the group valency four, whereas in Subgroup B 
the valency three is unknown and the subsidiary valency 
is two. 

(ii) The elements of Subgroup A have high melting-points (except 
cerium); those of Subgroup B (except germanium) have 
low ones. 

(iii) The hydrides in Subgroup A are of the metallic type, while 
those of Subgroup B are gaseous. 

(lv) The tetrachlorides of Subgroup B are volatile liquids, 
whereas those of Subgroup A are solids (except titanimn 
tetrachloride. Cerium tetrachloride is not known). 

The typical elements, carbon and silicon, are the least metallic 
elements of the group, and are the only two elements in it which 
show no sign of forming a positive elementary ion. Their volatile 
hydrides (very stable in the case of carbon) connect them rather 
with the B subgroup than the A subgroup, and germanium shows 
some power of forming compounds of the * organic ' type, so charac- 
teristic of carbon and to a less degree of silicon. On the other hand 
their very high melting-points connect them with the A subgroup. 


Carbon 

C=sl2’0il Atomic Number, 6 

OeeimmoB . — Carbon is an invariable constituent of living 
matter, and is also widely distributed among inanimate substances, 
themgh the actual proportion of carbon by weight in the cnast of 
the earth ai^ in the atmosphere is very small. Carbonates occur 



558 THEORETICAL AND INORGANIC CHEMISTRY 

in such minerals as MomiU, CaC0|.M§^03, and limestone, CaCO,, 
and in sea-water, wiiile carbon dioxide is found in the atmosphere. 
Oil (petroleum) consists mainly of hydrocarbons (compounds of 
carbon and hydrogen), and coal is a complex substance of variable 
composition containi^ a high percentage of carbon; it is the 
product of the decomposition of vegetable matter under pressure. 
Free carbon also occurs in nature in two forms — dittfnond and 
graphite. i 

Diamond. — ^The diamond is a hard crystalline form of carbon, 
that occurs in nature in the form of single stones, principal 
localities are India, South America, and South Africa;', the l^t 
being by far the most important and productive. In most cases, 
diamonds are found in alluvial deposits, but in South Africa they 
occur chiefly in ‘ pipes ’ or inverted cones of a ‘ blue ground.’ 
This ‘ blue ground ' is generally believed to have been thrown up 
into the characteristic pipes during the volcanic activity that 
occurred in South Africa during the Cretaceous period; it consists 
of weathered * kimberlite,’ an olivine rock. The pipes themselves 
descend to an unknown depth (a shaft at Kimberley has been 
sunk to 2600 feet without reaching the bottom of the pii)e), and 
do not all contain diamonds. 

To extract the diamonds, a shaft is sunk near, but not actually 
in, the pipe, and horizontal turmels are then driven into the blue 
ground. The diamantiferous earth is run on trams to the shaft, 
where it is raised to the surface in skips; it is then transferred to 
sealed trucks, which take it to the crushers. Here it is powdered, 
washed, and concentrated by levigation, which removes the lighter 
p a rticl es The ‘concentrates' are thra washed down a sloping 
surface of corrugated iron covered with grea%. The diamonds 
adhere to the grease, but the remaining material is carried ofi in 
the stream of water. 

Natural diamonds vary considerably in size, lustre, colour, and 
value: as far as the latter point is concerned it is w^ to remeinber 
thft tie value of diamonds is largely artiiicisd. being maintained 
by a restriction of output. The largest diamond hitherto dis- 
covered was found in the Premier mine, in the Transvaal, in 1905- 
It is knovm as the Cullinan diamond, and before cutting it weighed 
3026 carots, i.e. over lb. (i carat=o-2054 gm.). Other well- 
known diamonds are the Koh-i-noor, the Excelsior, the Victom, 
the Hope, and the Star of the South. The Hope is of a beautiini 
Mue cdour, while the Dresden Green is of an aj^le-gr^ sbaa^ 
Most ifiamoods, however, are colouriess. Bla(& diamonds, 

as oirilwwtthj or 6ort, are valueless as jewels, but are used for ma^ 

glassHawtters, rock^^iriHs. etc., and, when powdered, for cutting 
and pishing the cdioailess stones. 
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For purposes of jewelry, the natural diamonds are cut in such 
a way that as much internal reflection as possible is caused; fliis 
process requires great skill, and many valuable stones have been 
spoUt through inexpert cutting. There is always bound to be 
some loss in weight on cutting a stone, of course, but in some 
cases it is found necessary to cut the stones down severely. Thus 
the Koh-i-noor ('mountain of light*), which originally weighed 
186 carats, had to be cut down to 106 carats. 

Origin of the Diamond.— The origin of the diamond in nature is 
still a matter of controversy, though it seems possible that diamonds 
may have been formed when carbon crystallized out from solution 
in molten iron or in a basic silicate magma, under very great 
pressure. Moissan, in 1893, claimed to have obtained small but 
genuine diamonds by dissolving carbon in molten iron and quickly 
cooling the crucible by immersion in molten lead. Under these 
conditions the iron on the outside of the mass solidified while that 
inside was still liquid; and since iron expands on solidification, 
enormous pressures were developed in the interior of the mass 
when it solidified. On dissolving away the iron with hydrochloric 
acid, a crystalline product remained which contained some graphite. 
It has been proved by Bridgman that under all pressures below 
30,000 kg./sq. cm. and up to at least 2000® graphite is the stable 
form, but at pressures above this limit diamond ceases to be changed 
into graphite. It is an interesting fact that diamonds have been 
found in meteorites, of both the silicate and iron varieties; but it is 
possible that such meteorites represent fragments of the earth that 
were shot into space by ancient volcanoes and, after a journey in 
space, at length returned to it. 

Pr^erties. — The diamond has a high refractive index (2*417 for 
the D line), and is one of the hardest substances. Its specific 
gravity is 3*52. Unhke ' paste ' diamonds, genuine diamonds 
are transparent to X-rays, a fact of considerable value to the 
dealer in precious stones. The diamond is extremely stable 
towards chemical reagents; pure acids have no effect upon it, 
though it is slowly oxidized to carbon dioxide by a warm mixture 
of potassium dichromate and sulphuric acid. It is slowly attacked 
by fused sodium carbonate, forming carbon monoxide: 

NajsCOa+C^NagO +2CO. 

When heated in air to about 800^-900®, it takes fire and bums 
brilliantly, iorming carbon dioxide, and leaving only a minute 
pr^rtion of siliceous ash. - . 

V^tAPKitE. — Graphite is a black, flaky, crystalline substance 
found in several parts of the earth; most of it comes from C^lon 
and the United ^ates. Up to high temperatures and at ordmary 
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|»ressares graphite is the stable form of carbon, and at Niagara it 
is artificially {nepared by heating coke in an electric fnmac^imiiar 
to that usra for carborondtun (p. 566). The charge consists of 
finely - powdered anthracite, or petroleum coke, to which a little 
ferric oxide has been added as catalyst.. Artificial graphite forms 
however, only a small fraction of the total production. 

Graphite is used with or without oil as a lubricairt, and for 
polishing metal objects (‘ blacklead ') ; it is also used fin pencils 
and from its power of marking paper the names hl<uMead\blvmhaPQ 
and ‘ graphite ' itself are derived. It is a fair conductfer of elec- 
tricity and is used for electrodes in various technical ^processes 
and for the ‘ carbons ' of arc lamps. It is also used in sipie types 
of refractory crucible which are to be exposed only to reducing 
gases, for graphite is attacked by oxygen at 6oo°-70o®. 

It has already been shown (p. 89) that the crystal structures of 
diamond and graphite are in agreement with their observed physical 
properties. 

Other Forms of Carbon. — ^These include the various forms of 
coal, coke, lampblack, soot, wood, and animal charcoal, gas carbon, 
and sugar carbon. They have generally been described as amor- 
phous. but by the X-ray ' powder ’ method (p. 87) some of them 
at least have been shown to be microoystaUine with the graphite 
ciystal structure. 

Wood charcoal is a black, very porous substance obtained by 
burning wood in an insufficient supply of air. Since the affinity of 
hydrogen for oxygen is much greater than that of carbon, the 
hydrogen from the carbohydrates boms first and leaves the charcoal 
behind. Wood charcoal is used as an absorbent for gases, of which 
it will take up astonishing quantities— sometimes as much as two 
hundred times its volmne at ordinary temperatures and pressures. 
The lower the temperature the better the absorbing power, and wood 
charcoal cocded in liquid air is used in perfecting high vacua— a 
discovery diie to Sir James Dewar whidi has had much efiect 
(X) vacuum technique in the laboratory. 

Wood charcoal is manufactured on the large scale from peat, 
a natural product containing carbon chiefly in the form of cellulose. 
The peat is macerated with phosphoric^acid or with a concentrated 
$(dut^ of zinc chloride, and the colloidal solution thus obtained 
is heated in retorts in the absence of air. A ^eleton of wood 
charcoal rranains as a highly porous mass, which is used in gas-masks, 
for filters, and for ‘ stripping ' benzol frcxn coal-gas. 

jfodilial dtenolBl is made by heatin|i bones in the absence of air 
(‘destructive distilh^n '), and consists chiefly of calcium phos- 
niurte .with about zo per cent cd carbon. It readily absorbs colour- 
mg^umtters and other substances, and laboratory preparations are 
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often decolca^d by boi^g them in solution with animal charcoal. 
The process is also applied to sugar on the commercial scale. 

Soot is a form of carbon deposited when smoke passes over a 
cold surface. 

LampUack is a very finely divided form of carbon, and though 
the commercial grades may contain oil and grease as impurities, 
it can be obtained in a high state of purity. It is manufactured 
by burning petroleum, naphthalene, the natural gas of oilfields, 
and other carbonaceous materials, in specially constructed furnaces, 
the supply of air being limited to the minimum required for com- 
bustion. The soot passes along tubes made of sheepskin, canvas, 
or coarse cloth, whence it is shaken off after the operation is com- 
plete. If better qualities are required, the crude lampblack is 
subjected to a second partial combustion, and the process is repeated 
as often as necessary. 

More than half the world's production ot lampblack is used in the 
motor-tyre industry, since rubber containing 25 per cent of lamp- 
black is about four or five times as resilient and resistant as pure 
rubber. Much lampblack is also used in the manufacture of 
printer's ink, while smaller — but still considerable — quantities are 
employed in making gramophone records, carbon copying-paper, 
ebonite articles, carbon electrodes, and black pigments. 

The application of chimney-soot to garden soil is beneficial 
because it usually contains up to 7 per cent of ammonia or ammo- 
nium compounds, derived from the coal. 

Oas carbon remains on the walls of the retorts in which coal is 
distilled in the manufacture of coke and coal-gas. It is very hard, 
and is used to make the * carbons ' of arc lamps. 

Sugar carbon is chemically pure carbon obtained by heating sugar 
until it has charred. In order to remove the last traces of hydrogen 
and oxygen, it is then heated first in chlorine and then in hydrogen. 

Physical Properties. — Before discussing the somewhat in- 
definite substances coal and coke, we may give a comparison of 
the properties of some carbon allotropes: 


Density 

Transparency 

Hardness 

Elec, Conductivity 
Bums in oxygen at 


Diamond 

Graphite 

Gas Carbon 

3’5 

23 

2*2 

Transparent 

Opaque 

Opaque 

Extreme 

Soft 

Hard 

Non-conductor 

Conductor 

Conductor 

Sso** 

650'* 

below 500' 


Coal anb Coke.— The coal not consumed in fumac^ or domestic 
fires is subjected to destructive distillation — ^in the United Kingdom 
to the extent of about ei^teen million tons per annum. The 
products of the distiHation are (i) coal-gas, containing, say, 45 per 
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cent hydn^en, 35 per cent nethane, and 10 per cent carbon 
monoxide, aE by volume, (ii) coke, (iii) tar, (iv) ammonia, and 
(v) ‘ benzol,' and the processes may be divided into those which 
are carried out at i230°-i400® and those which work at 4oo®-6oo°~ 
the so-called ‘low-temperature carbonization.’ A brief descrip, 
tion will be given of the more important of these processes, followed 
by a summary of the products obtained from them, i 

> temperaiore Carbcniization: Coal - gas Mannfanoie.— The 
coal is heated in banks of small retorts, which may be eitlfer vertical, 
horizontal, or sloping, at a temperature of between 1250° ^d 1400°! 
In the vertical type the process is usually continuous: ^al is run 
in at the iop through a sealing device and coke tun o^t at the 



bottom. In many modem plants steam is blown in at the 
bottom. The water-gas so produced (p. 569) increases the volume of 
gas obtained from a ton of coad, helps to sweep volatile products 
from the retort, and keeps the temperature down, thereby in- 
creasing the, yield of tar (which is also more fluid), and the propor- 
tion of carlxm monoxide and hydrogen in the gas at the expense 
of the metlume. After leaving the retorts the gases pass through 
the hydraulic main, a liquid seal which prevents loss of gas when one 
of the retOTts is opened and in which some of the tar is deposited. 
The gas is then cooled by passing through a series of long pipes, 
often cooled by wato", in which the rest of the tar is deposited, and 
then passes to the scrubbers, where the ammonia is removed. In 
the scrubbeas the gas bubbl^ through water, which by churning 
is made to off^ it a large surface, and in this liquid the ammonia 
fr dtsaolved. Before the introduction of the sjmthetic ammonia 
ppopess this was the rmly important source of ammonia. The gas 
«|jfi ccmtains immuities such as hydrogen sulphide, hydrogffl 
cyaidde, caibmi do^iflude, and carbon dioxide, uddch must be 
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removed from it. This operation is carried out in a series of 
purifiers, in which the gas flows through perforated wooden shelves 
on which various purifj^ng agents are spread. The substances 
most commonly used for this purpose are lime and ferric hydroxide, 
which remove both hydrogen sulphide and hydrogen cyanide, but 
the chemical changes mvolved are too complicated to be discussed 
here. Before the gas is admitted to the gasometers it is nowadays 
usual to ‘strip' it: that is, to remove the more volatile liquid 
hydrocarbons, chiefly benzene, contained in it as vapour. 

This is done by passing it through a heavy oil in which the vapours 
dissolve, or through wood charcoal prepared from peat in the way 
already described, in which the hydrocarbons are absorbed and 
from which they can be recovered by heating with steam. These 
hydrocarbons are known as ‘ benzol,' and are purified, mixed 
with petrol, and sold as ‘ benzol mixture ' motor spirit. It is 
estimated that twenty-five million gallons of benzol are produced 
annually in France, and in this country the process is also gaining 
ground. The illuminating powers of coal-gas are chiefly due to 
the benzene vapour in it, and if the benzene is removed much of 
the illuminating power is lost, but this is nowadays of little im- 
portance. It is the heating power of gas which determines its value, 
that is, the heat which can be obtained by the complete combustion 
of a cubic foot of the gas ; this is now the basis of the charge to con- 
sumers. Town gas may legally contain sulphur only as carbon 
disulphide. 

Coke Ovens. — In the coke oven the principal product is coke 
for the manufacture of water- or producer-gas, or for metallurgy, 
and the gas and tar are by-products of less importance. The coke 
must contain a minimum of volatile matter, and a high temperature 
is therefore employed. The volatile products have usually been 
allowed to nm to waste, but in modem coke ovens tar, gas, and 
ammonia are all collected, and considerable quantities of benzol 
are obtained by ‘ stripping ' the gas. 

Low^tempeifatiire Carbonization. — ^The objects of this process 
are to produce (i) a smokeless fuel, ‘ semi-coke,' in which volatile 
matter has been left to the extent of some 5 or 10 per cent of the 
weight of the coke, and (2) a tar or oil like petroleum oil from which 
liquid fuels, for use as motor spirit or otherwise, can be extracted 
m quantity. In low-temperature carbonization much less gas is 
produced, though it is of high calorific value (see table, p. 564). 

As these processes are now the object of intensive research in 
this country and elsewhere, it is impossible to give a final account 
of them* Jn the Paekeb process, one of the most successful, a smoke- 
less fuel called " coalite ' is left in the retorts and a very fluid tar is 
with a high content of phenol and nitrogen compounds. 
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R^a<esentative results of the coal carbonization processes are 
summarized in the table: 


Process 

Temperature 

W' ■ - - ' 

Gas 

Tav 

Cu. fi. per 
ton of 
coal 

Heating 
power per 
cu.ft, gas 
B.T.U. 

Heating 
power per 
ton cial 

Gallons 
per ton, 
coal 

High-temperature 

^rbonization: 

Coal-gas Manufacture : 
Horizontal Retorts 
Vertical Retorts 
Coke Ovens 

Low-temperature 

Carbonization 

I3oo®-i40o® 
1250^-1300® 
high as 
possible 
40o®-6oo® 

13.200 

15,600 

8,500 

2,000 

560 

510 

600 

800-1500 

7,400,060 

8^000,006 

5,100,006 

1,600,000- 

^,000,000 

9 

II 

4-8 

15-22 


The tar derived from these processes is distilled and is a principal 
source of the organic substances used in industry, 

Obemiatiy dl the Carbon Compounds. — ^The carbon atom has the 
unique property of forming chains and rings which are the skeletons 
of stable molecular structures. The number of the carbon com- 
pounds is for that reason enormously large (nearly a million are 
known at present), and they are also much more complex than 
inorganic compounds; for these reasons their study has become 
a se^rarate branch of science under the title of ' Organic 
□lennstry.' 

The carbon atom is one of the smallest of all atoms, and this, 
together with the fact that it has four electrons in its valency group, 
nfialces it impossible for carbon to exist as an ion; its compounds are 
almost invariably covalent. The power of forming long chains is 
attributed partly to the small size of the atom and partly to the 
Q^Lily equal strength of the poative and negative affinities; thus 
Dtt^ane and carbon tetrachloride are both stable substances. The 
stabiUty of many compounds of carbon is due to the fact that the 
covalem^ piavinanm of caxbon is also four, and that decomposition, 
if it is to occur, caimot be preceded combination. is why 
cmbon tetrachloride cannot be hydro^reed, although silicon tetra- 
dilo^le is c^omposed even by cold watw; the covsuency maximum 
of sQIpcm is six. 

R»£cab are krtown in which carbon may have a valency of two or 
(Itm, but the valetuy of four joedominates rtuue than in any other 
tnemlnr of group,- except peibaps thorium. The monoxide is 
a idbhie std)atance,.it8 dectnmic structure r^offlablirffi that of «*• 
The dioxide is weakfy acidic and has no trace df bamc properties. 
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In the acidity of its normal oxide carbon resembles the elem^ts of 
Subgroup A rather than those of Subgroup B, but the stability of 
its volatile hydrides connects it with Subgroup B. The volatiUty 
of the oxides of carbon sharply distinguishes it from all other elements 
of the group. 

properties Carbon. — ^The physical properties of some forms of 
carbon have been discussed. Carbon appears to have a higher 
melting-point, recently fixed at 3570®, than any other element: next 
in order are tungsten, 3370®, and rhenium, 3140°. On the other hand 
carbon has an appreciable vapour pressure at 1300® or so, for the 
old carbon filament lamps grew black on the inside of the glass 
from sublimed carbon. 

Carbon is very resistant to chemical reagents. It will bum if 
heated in air or oxygen, and is attacked by fluorine in the cold, 
but not by chlorine even at a white heat. The affinity between 
carbon and ox|{gen at high temperatures is used in metallurgy 
and in many industrial operations. Carbon is unaffected by most 
acids, but charcoal can be oxidized to carbon dioxide by boiling 
with nitric acid, and graphite is slowly oxidized, by hot nitric 
acid containing potassium chlorate, to a mixture of substances 
in which mellitic acid, C0(COOH)e, can be detected. In the 
laboratory carbon is frequently used as a reducing agent at high 
temperatures. 

Carbon is insoluble in all known solvents (except molten iron, 
etc.); such substances as Indian ink or printer's ink are colloidal 
suspensions. 

(^bon hydrides. — Carbon and hydrogen form a very large 
number of compoimds, known as hydrocarbons; their study 
belongs to organic chemistry. The simplest are methane, CH4; 
ethane, CjH®; ethylene, CgH^; acetylene, CsH^; and benzene. 

Carbides* — The term carbide is usually restricted to the binary 
compounds between carbon and the metals, which are solid refrac- 
tory substaiices; whereas the compounds with the non-metals are 
usually volatile, though the carbon compounds of phosphoms and 
silison are of the carbide type. 

There are two principal methods of preparation: 

(i) Direct reaction between the metal and carbon, or the 
metal oxide and carbon, or the metal aiid an oxide of 
carbon. 

(ii) A special tvpe of carbide, called an acetylide, is made by 
passing acetylene (C^Hj) through solutions of some metallic 
salts. 

Examples of both methods of formation will be given. 
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The carbides, which form a very numerous class of compounds, 
though many are of slight importance, can best be clas^hed according 
to their action with water: 


Action with Water 
No action 

Produce acetylene, CjH, 
Produce methane, CH4 


Example 

Acetylides, silicon carbide, iron carbide 
Calcium carbide 

Aluminium carbide, beryllilum carbide 
is passed through an 


Acetylides . — ^When acetylene is passed tnrougn an altooniacal 
solution of cuprous chloride, cuprous acetylide, CusQ, is precipitated 
as a red powder. It is explosive when dried. Silver aqefylide is 
a white solid precipitated from ammoniacal silver nitrate by acety- 
lene; it is much more violently explosive than the copper compound. 
Other acetylides are known. 


2Cu‘+C2H2=Cu 2C2 I +2H* and 2Ag’+C2H2=Ag2C2 1 +2R\ 

Silicon oarbide» SiC, resembles diamond in its inertness. It is 
prepared on the large scale where electric power is cheap (e.g. in 
Norway and at Niagara) by heating a mixture of sand (50 per cent) 
with coke and some sawdust in the electric furnace: 


3C+Si02=SiC+2C0 f . 

The object of the sawdust is to keep the mass porous and to allow 
the carbon monoxide to escape; the latter bums on the surface. 
The heat is provided by the passage of the current through the 

core of coke and graphite that 

\ f connects the electrodes, which 

1 S set in cement walls at the 

I S ends of the furnace. The sides 

: Graphite & coke r are made of loose bricks which 

-N ^ H removed when the re- 

action is finished. The core is 
then found to be surroimded 
by a layer of impure silicon 
carbide, which is removed and 
broken up. When pure, it 
is a colourless crystalline substance, but the commercial product, 
e.g. * Carborundum,' is always coloured. It is nearly as hard as 
^ diamcmd (and has the diamond crystal structure), which makes it 
very useful as an abrasive. It is also refractoty and has been used 
for crucibles {* Silundum '). Crystalline specimens were formerly 
used a$ rectifiers in wireless sets. 

Im oaxltfe.— There are several carbides of iron, of which the 
mort important has the formula FejC. This is a constituent of steel. 
flMrihun oioMiBw /CaQr is made on a very large scale, for use m 
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acetylene generators, by heating a mixture of coke or anthracite 
and freshly-burnt lime to a temperature which may reach 3000®: 
CaO+3C=CaC2+COt. 

The furnaces are made of iron lined with carbon and are mounted 
on wheels; they are heated by the passage of an electric current 
between the bottom of the furnace and a carbon electrode suspended 
in the top. At the temperature reached, the calcium carbide fuses 
and sinks to the bottom of the charge, from which it is drawn off 
at intervals, cooled in trays, and broken up into lumps. 

A furnace producing some eight tons of carbide a day will take 
a current of 30,000 amperes at 50 volts — ^nearly 2000 h.p. — so the 
industry can only be established where electric power is cheap. 
When pure, calcium carbide is colourless and transparent, but the 
commercial product is grey or black. Calcium carbide is insoluble 
in all known solvents. It reacts vigorously with water in the cold, 
producing acetylene, and this is now its principal use: 

CaC2+2H20=Ca(0H)2+C2H2 f . 

The acetylene can either be generated as is required, or manufactured 
in quantity and sent out dissolved in acetone under pressure. Since 
acetylene is now the starting-point of the manufacture of acetalde- 
hyde and other commercially important chemicals, calcium carbide 
is of considerable industrial importance, quite apart from its use 
in illumination. 

In the laboratory calcium carbide has been used for the estima- 
tion of water in organic liquids; the volume of acetylene liberated 
from a known volume of the liquid is measured. The repulsive 
smell of the acetylene generated from commercial calcium carbide 
and water is due to phosphorus hydrides produced from calcium 
phosphide in the calcium carbide. The phosphorus was originally 
present as phosphate in the limestone from which the lime was 
made, and this has been reduced to phosphide in the furnace. 

Calcium carbide reacts with nitrogen when heated in the gas to 
a temperature of 1000® to form calcium cyanamide and graphite: 

CaC2+N2=CaCN2+C. 

This is the basis of one of the older processes for the fixation of 
nitrogen (p. 392). The nitrogen is obtained from the air by one 
of the methods described in connection with the S3mthetic ammonia 
process (p. 388), and the calcium carbide is heated either externally 
or by p>assing an electric current through it. The mixture produced 
is call^ nitroUm or Stickstoffkalk, and is used as a fertilizer. When 
it is treated with superheated steam under pressure, ammonia is 
produced: 

CaCN2+3H20=CaC03+2NH3 f , 
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but this process is seriously threatened by the Haber process 
(p, 388). If fused with sodium chloride, nitrolim yields sodium 
cyanide, and this process also is worked on a commercial scale: 

CaCN,4-C+2NaCl==2NaCN+CaCl,. 

Atemainimn carhide» AI4C8, is now prepared by heating a mixture 
of alumina and coke in the electric furnace: n 

2AlA+9C=Al4C,+6CO t . I 
The pure substance forms yellow crystals, but the ^mmercial 
product is a brown powder, sometimes used in the laboratory for 
making methane. The action is slow with cold water bui becomes 
vigorous on boiling: 

Al4C,+i2H20=3CH4 1 +4AI(0H)3. 

The Oxides of Carbon. — Carbon forms several oxides, of which 
only two, the monoxide, CO, and the dioxide, COj, are important 
to the student of inorganic chemistry. 

Carbcm subozide. CgO^, is obtained by removing the elements 
of water from malonic acid, CH2(COOH)2, by distillation with 
phosphorus pentoxide: 

CH3(C00H)2-2H20=C80, t . 

It is also a constituent of the brown powder produced from carbon 
monoxide by the silent electric discharge. It is a colourless gas 
with a strong smell, condensing at 6 ° to a colourless liquid. It 
bums readily, forming carbon dioxide. With water it yields 
malonic acid, and is therefore malonic anhydride, but it may also 
be regarded as a diketene with the stmcture OC=C=CO. 

Iblttic anhydride, C12O9, is a cyclic carbon compound of purely 
thecnetical interest. 

Carbon numcndde, CO, is the product of the first st^e in the com- 
bustiw of carbon, and the final product if insufficient oxygen be 
present. In the laboratory it can be made by heating various 
carbon-containing compoimds with concentrated sulphuric acid, e.g. : 

Sodium fonnate: H.C00Na+H2S04-NaHS04+H20+C0 f . 
COOH 

Oxalic acid: I =sCOsi f -t-CO^f +H2O. 

COOH 

A ferwcyanide: Fe(CN),"''+6H,O4-i2H-Fe"+6NH/+6C0 1 • 
If oxalic add is used the gases must be heed from duhon dioxide 
bid:d>lin 4 tt^ thtot^b caustic potash. The gas can be collected 
over water, in whic^ it is nearly insoluble. .. a 

In industry the ^as is prc^ced in very latge quantities (and 
allowed to in prooessee in carbon is used as 
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a reducing ^nt; it is present also, to the extent of some 10 pCT 
cent by voiume, in coal-gas. It is used as a gaseous fuel, and 
for this purpose is produced by the oxidation of coke either 
with air {producer-gas), steam (water-gas), or a mixture of both 
(semi-water gas). 

Prodmer-gas.—-Th& heats of formation of carbon monoxide and 
dioxide are; 

2C + 02==2C0 + 53,600 cals. 

and 2C +202=2C0£+ 188,600 cals., whence, by subtraction, 
2CO+ 02=2C02+I35 ,ooo cals. 

If no use is made of the heat of formation of the carbon monoxide 
it follows that of the 94,300 calories obtainable by the complete 
combustion of a gram-atom of carbon only 67,500 calories, or about 
70 per cent, are usefully employed. This loss is generally avoided 
either by having the producer so close to the furnace where the 
monoxide is to be burned that the heat is carried by the gas from 
one plant to the other without much dissipation by the way, or 
by using the heat from the producer to warm the furnace air-blast, 
or in some separate process. The producer is filled with coke and 
started by lighting a fire in it; the air-supply is then so regulated 
that complete combustion to carbon dioxide cannot take place. 
Since the gases are continuously withdrawn from the producer no 
question of equilibrium arises, but the producer must be tall and 
the temperature must be high (1100® or over) to make sure that 
any carbcm dioxide product at the bottom shall be reduced to 
monoxide by the white-hot coke at the top. Producer-gas contains 
about 65 per cent by volume of nitrogen (and inert gases) from the 
air, the remainder being carbon monoxide with not more than 
2 per cent of the dioxide. 

Water-gas , — When coke is heated in steam, hydrogen and carbon 
monoxide are produced: 

C-l-H2O=CO-fH2-30,900 cals. 

Tlie heat absorbed in the reaction can be calculated from the heats 
of formation of carbon monoxide and water from their elements, 
that is, by adding the equations: 

2C+02=2CO-f-53»6oo cals., 
and 2H,0=2H2+02 ~ii5.5oo cals. _ 

2C+2H20«2CO+2H2-6i, 900 cals. 

Since the leaction is endothermic, the proportion of carbon monoxide 
and hydrogen in the gas produced is increased by r^ing the 
temperature, but it is found impracticable to supply neat from 
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outside, so the efficiency of the water-gas production rapidly 
diminishes as the heat absorbed in the reaction lowers the tempera- 
ture of the coke. In the older tyj^ of plant this was avoided 
hy blowing air at intervals through the whole mass and thereby 
raising its temperature by the producer-gas reaction, but it is 
nowadays more usual to carry out these operations simultaneously 
by blowing in steam mixed with sufficient air to keep the tempera- 
ture from falling. The product is called semi-water-gas A Ordinary 
water-gas contains (by volume) about 50 per cent * hydrogen, 
40 per cent or more carbon monoxide, and the rest cartten dioxide 
and nitrogen, whereas semi-water-gas may contain 50 p^r cent or 
more nitrogen, 25 per cent carbon monoxide, and 15 ) per cent 
hydrogen, together with some carbon dioxide and methahe. 

An important modem application of the producer-gas and 
water-gas processes is to the manufacture of nitrogen and hydrogen. 
The carbon monoxide is first oxidized to dioxide, which can be 
removed by dissolving it at high pressure in water. The oxidation 
is carried out with steam according to the equation: 

C0+H20^C02+H2. 

By adding the heat evolved in the reaction: 

C04'i02=C02+68,ooo cals., 

and the reaction : 

H20=H2-fJ02-“ 58,000 cals., 

we find that the reaction evolves 10,000 calories when conducted 
from left to right. The oxidation of the carbon monoxide is 
therefore favoured by a low temperature, and to secure a reasonable 
speed at this temperature a preparation of iron or copper is used as a 
catal3^t. The equilibrium is practically independent of the pressure. 

Carbon monoxide is a colourless gas whose physical properties 
resemble those of nitrogen. It is poisonous, and possesses so faint 
a smell that the victim is frequently overcome without realizing 
his danger. The toxic properties of coal-gas are due to the carbon 
monoxide contained in it, and deaths from carbon monoxide 
poisoning also occur in garages and other confined spaces where 
motor-car engines are run with an insufficient supply of air, and in 
unventilated bathrooms with geysers-buming. The carbon mon- 
oxide combines with the haemoglobin of the blood and prevents it 
from carrjdng out its function as the oxygen-carrier of the body. 
Patiaits should be removed from the infected atmosphere and 
given a mixture of oxygen with a little carbon dioxide, which 
stunuktes the lungs and causes panting, thereby helping the 
absorption of oxygm ; but tieatmmt usually comes too late. It may 
bemnarked that, owing to fte mechanism of its toxic action, carbon 
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monoxide does not act as a poison upon those living organisms 
(e.g. plants) which are bloodless. 

^ Carbon monoxide is nearly insoluble in water. It has the same 
density as nitrogen, ^d is therefore very slightly lighter than 
air. It burns readily in air or oxygen, but only if water-vapour is 
present. The water-vapour in the atmosphere is sufficient, but 
a jet of burning carbon monoxide is extinguished if introduced 
into a wide -necked flask in which the air 
has been moderately dried by shaking with a 
little concentrated sulphuric acid. For this 
experiment the carbon monoxide must first 
be dried with sulphuric acid, and it must be 
shown that there is sufficient access of air to 
the interior of the flask for the gas to burn 
in it in the absence of a desiccating agent. 




'Tubes containing pumure 
and cone, sulphuric acid. 


Cone, sulphuric add 


Fig. 126. Moisture Necessary to Combustion of 
Carbon Monoxide 


Carbon monoxide is an unsaturated compound, that is to say, it 
will form addition compounds. This property is, however, far 
from evident at ordinary temperatures and pressures and in the 
absence of catalysts and light. Ammoniacal solutions of cuprous 
chloride absorb it to give a compound CuCl.CO.H 2 O, but here carbon 
monoxide is acting as a donor molecule, as in the carbonyls. It 
will also combine with chlorine, slowly in diffused daylight and 
rapidly in bright sunlight, to form carbonyl chloride or phosgene: 

CO+Clg-COClg. 

For the remaining addition reactions raised temperatums and 
pressures or catalysts are necessary. Carbon monoxide will 
combine rapidly with oxygen at 0 ® C. on the surface of mang^ese 
dioxide. With sulphur vapour in a hot tube carbon oxysulphide, 
COS, is produced: 

co+s=cos. 

With hydrogen at high pressures and in the presence of a catalyst 
wiethyi alcohol can be obtained: 

CO +2H2=CH8‘0H ] 
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a process which is worked on the industrial scale at 200 atmo- 
spheres. With caustic soda in the presence of water at about 200° 
sodium formate is produced: 

CO+NaOH==H.COONa; 


this process is also worked on the commercial scale under increased 
pressure. At high temperatures the reducing powers of carbon 
monoxide become more evident, and the gas is widehr used in 
metallur^ for reducing metallic oxides to the metal. \ 

To estimate carbon monoxide in air, its power of redufcg iodine 
pentoxide at a temperature of 70® is employed: 

The carbon dioxide produced is swept on by the air stream and 
absorbed in a solution of barium hydroxide, where it is estimated 
by titration. The air must first be freed from carbon dioxide. 

At moderately high temperatures and usually at high pressures 
carbon monoxide will react with some of the met^s to form carbonyls 
such as iron pentacarbonyl, Fe(CO)5: nickel carbonyl, Ni(CO)4; 
cobalt carbonyl, Co2(CO)8. Such carbonyls are formed only by 
metals of the transitional sequences (p. 771). On strong heating 
they dissociate into metal and carbon monoxide. Their low boiling- 
points and solubility in organic liquids point to a covalent structure, 


e.g.: 


CO CO 



The formation and decomposition of nickel carbonyl is the basis 
of the important Mond process for the commercial preparation 
of nidcel. 

The composition of carbon monoxide is known from the fact 
that two volumes of the gas, when sparked with one volume of 
oxygen, p^uce two volumes of cai^n dioxide. Its electronic 
structure is discussed on p. 339. 

CsfbfrP diCTMei COj. — Occwrence . — Carbon dioxide occurs m 
the atmosphere to the extent of about o*03-o*04 per cent by volume, 
though this proportiem varies in difierent parts of the earth. Large 

r mtities of the gas also issue from volcanoes or o&er vents m 
crust; ihus the atmosphere of a certain cave near 
contahis about 70 per cent of carbon dioxide, and tne 
cave is called the Grotto del Cime because the gas forms a layer on 
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the ground deep ^ough to asphyxiate any dogs which may venture 
in. A valley in the Yellowstone Park in California is called Death 
Gulch for the same reason, and has been described as * littered with 
the skeletons of men, animals, and birds/ In Germany natural 
carbon dioxide issuing from the ground is collected, purified, and sold. 
Carbon dioxide is produced by the respiration of animals and 
plants, but the amount so liberated is an insignificant fraction of 
the carbon dioxide content of the atmosphere. Of all the gases 
of the lower atmosphere carbon dioxide most strongly absorbs 
solar radiation, and it has an important effect on the temperature 
of the earth, which it reduces. Atmospheric carbon dioxide is 
the principal food of green plants. 

M anufacture . — Carbon dioxide is always present in furnace 
gases, of which, with nitrogen, it is usually the chief constituent, 
but it is only seldom recovered from this source, though a process 
has been developed for recovering it from water- and producer- 
gas. On the commercial scale it is usually prepared by heating 
limestone (calcium carbonate), and is therefore a by-product in 
the preparation of quicklime: 

CaC 03 =:Ca 0 +C 02 1 • 

The furnace in which the operation is carried out is called a lime- 
kiln; the necessary heat is usually provided by the complete 
combustion of coke inside the kiln. 

For the manufacture of soda- and mineral-waters, which owe 
their effervescence to carbon dioxide dissolved in them under 
pressure, a purer gas is required, and this is often obtained from 
breweries, where it is produced during the process of fermentation. 
If pure carbon dioxide is to be prepared from furnace gases, these 
are first passed through water to remove sulphur dioxide, which 
is much more soluble in water than carbon dioxide is, and are 
then absorbed in a solution of potassium carbonate, where bicar- 
bonate is produced (sodium carbonate is less suitable, since sodium 
bicarbonate is not very soluble) : 

C08-^-fH,0-bC03=2HC0/. 

Tfie carbon dioxide is recovered from the solution, which can be 
used again, by boiling it, when the reverse action takes place. It 
is dried with concentrated sulphuric acid and sent out in cylinders 
in which it is confined at a pressure of sixty atmospheres. 

In the laboratory carbon dioxide is nearly always made by the 
action of adds on carbonates: 

C08"+2H‘==H80+C08t. 

The i$ freed from acid vapour or spray by passing it through a 
solution of i^Kiium or potassium bicarbonate. 
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Properties . — Carbon dioxide is a colotirless gas, said by some to 
have a faint but characteristic odour; it certainly produces a 
tingling sensation on the membrane of the nose when inhaled. It 
is a heavy gas, twenty-two times as heavy as hydrogen and 50 per 
cent heavier than air, and since it will not (in general) support 
combustion, it is used in some types of fire extinguisher, which 
generate it as required from a carbonate and a dilute acid. 
The gas keeps low and diffuses only slowly from tlie burning 
material, which it deprives of air. The gas was first ^quefied in 
1823, by Faraday; at atmospheric pressure the liqd|d cannot 
exist, but the solid can do so provided the temperatur^. is below 
—78®. In the cylinders in which it is supplied at abihut sixty 
atmospheres carbon dioxide is a liquid, but on free eixpan$ion from 
such a cylinder so much heat is absorbed that the tempdtature is 
reduced below —78® and some solid carbon dioxide, called * carbon 
dioxide snow,' forms at the exit tube and may be collected in a 
flannel bag tied over it during the escape of the gas. A concen- 
trated solution of the solid in acetone, through which air is blown, 
may reach a temperature as low as —no®. Ether is sometimes 
used instead of acetone. 

The production of solid carbon dioxide is now carried out on a 
large scale. The gas is first liquefied by pressure, and then solidified 
by free evaporation. Since at atmospheric pressure the solid turns 
directly to gas, it leaves no liquid behind it — Whence the name * dry 
ice.' The latent heat of sublimation (153 calories per gram) is 
exceptionally high, so that a block evaporates very slowly in still 
air, being constantly surrounded by an insulating layer of intensely 
cold gas. It is packed into cartons with ice-cream or perishable 
goods, and the fact that it disappears without leaving moisture is a 
great advantage for such purposes. Solid carbon dioxide is also 
largely used in engineering. 

Under atmospheric pressure water dissolves about its own volume 
of carbon dioxide at room temperature, though the solutions are 
easily supersaturated. The solution has a feeble but definite acidity. 
Carbon ^oxide deviates in its behaviour from Henry's law. The 
gas is a feeble poison, but its frequent fatsd effects are due rather 
to the exclusion of air, which causes suffocation, than to any specific 
effect. The unpleasantness of the air-of crowded rooms is due not 
to carbon dioxide, though its concentration under these circum- 
stances may reach 0*5 per cent, but mainly to the stagnancy of 
the air in contact witii the skin and to the increase in humidity. 
Immunity to such atmospheres can be attained— if desired— by 
prac^ce. 

Carbon dioxide is a conmatativdy inert substance. It can be 
reduced to carbon mcmoxi® at high temperatures by carbon ana 



GROUP IV 575 

some metals, and by magnesium, zinc, or aluminium to carbon; 

igmted and plunged into the gas, will continue to 
bum. With ammonia, carbon dioxide combines to form ammonium 
carbamate: 

C0,+2NH3=NH2.C00NH4, 

but if water is present beyond the minute quantity necessary to 
catalyse the reaction, ammonium carbonate is produced. The 
modem manufacture of synthetic urea depends on the former 
reaction (p. 390). 

Cdthofiic acid, H2CO3, has never been isolated, but it is known to 
occur in aqueous solutions of carbon dioxide, and its salts, the 
carbonates, are among the commonest substances of inorganic 
chemistry. Carbon is not known to form a tetrahydroxide, C(OH)4, 
but certain organic derivatives of this hypothetical substance are 
known, such as ethyl orthocarbonate, C(OC2H5)4. 

In aqueous solutions of carbon dioxide equilibria are set up 
between carbon dioxide, water, and carbonic acid, and between 
the acid and its ions: 

H 2 C 03 ^H*+HC 03 '. HCOgVH+COa". 


The constants governing these equilibria are, at 18®: 


[H^COa] 

[CO2] 


=7 X 10 




[H-] [HCOal 
[H^COa] 


=5 X 10-^ 


[HI [COal 

[HCO3'] 


=6 X 10-^^ 


The calculation of the first constant is very difficult, since it involves 
no ions and is therefore inaccessible by the conductivity method, 
and when known it is useful only in combination with the second 

constant : j n =3 *5 X The denominator is virtuaUy 

, i. 1.. j 

the total concentration of carbon dioxide, free or combined, 
in the solution, and the figure 3*5 XiO”’ is the (apparent) first 
dissociation-constant of the acid, which is therefore very weak. 
If we take into consideration the fact that only 07 per cent of 
carbon dioxide dissolved in water is combined with it, the acid 
is §een to be a good deal stronger than it appears to be. 

In its second dissociation carbonic acid is very weak, so that 
solutions of carbonates are strongly alkaline from hydrolysis. 
Bicarbonate solutions are also hydrolysed, and contsm, in addition 
to bicarbonate ions, carbonate ions and free carbonic acid. Their 
hydrc^en icm concentrations lie in the neighbourhood of lo*"* and 
10-“* according to the dilution, and they are consequently nearly 
neutral, so that carbonate solutions can be titrated with acid to 
bicaibcmate with phenolphthalein, though not very exactly. 
Carbonates, except those of the alkali-metals, ammonium and 
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thalliiun, are insoluble in water. It is, however, usually impossible 
to precipitate them by passing carbon dioxide through neutral sola- 
ticms of the salts of the metm, because the carbmiate ion concen- 
tration of a solution of carbon dioxide in water is extremely small. 
A carbonate solution must be used instead. All bicarbonates, oii 
the. other hand, are soluble in water (though sodium bicarbonate is 
not very soluble). On this fact is based the usual test f for carbon 
dioxide. When the gas is bubbled through lime-wateri which has 
a distinctly alkaline reaction, on accoimt of the basic! properties 
of calcium hydroxide, finely-divided calciiun carbonate ilt produced 
and the liquid becomes milky: 

COj-f HjO-^-HjCOj-^-aH'-f COj' and Ca"-f-C0,*-»-(i|^C08 J- . 

but on continuing; the passage of the gas, bicarbonate is formed and 
the precipitate dissolves: 

C0^-^H,0+CaC0,-+Ca••+2HC0s'. 

On heating, bicarbonates lose carbon dioxide and water and give 
the normal carbonate: 

2HC0/=C0,'+H80-f CO* t . 
and this reaction takes place in water on boiling. 

When, as is often the case, the carbonate and hydroxide of a 
metal are both insoluble, the addition of a carbonate solution to 
a solution of one of its salts usually precipitates a mixture of the 
carbonate and hydroxide, which may also include a basic carbonate 
of definite composition. The hydroxyl ions required for the 
precipitation of the hydroxide are derived from the hydrolysis of 
the carbonate solution, and it is often possible to precipitate the 
pure carbonate by the use of a bicarbonate solution, in which the 
hydroxyl ion concentration is very much less. In addition to this 
it is sometimes necessary to bubble carbon dioxide through the 
solution in whidi the precipitate is suspended. Metals such as 
aluminium, whose hydroxides are very weak bases, do not form 
carbonates. 

On account of the acidic nature of carbon dioxide it combines 
with solidbasic oxides or hydroxides at ordinary temperatures, e.g. : 

CaO-fCO,=CaCO, or K0H-|-C0,=KHC08, 

and carbon dioxide in a gas stream (as in organic anal3rsis) is 
estimated absorbing it in aqueous pota^, which naay be weighed 
before and after. To prevent mcrease in weight by absorption 
ctf water from the air, it is necessary to protect the potash bulb on 
toe lax side with a cakaum chloride tube and to dry the gases 
befom tlu^ enter it. . 
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The constancy of the proportion of carbon dioxide in the atmo- 
sphere is due partly to the removal of the gas by the photosynthetic 
activity of green plants, and partly to the fact that the bicarbonates 
in the ocean act as carbon dioxide * buffers,* and thus regulate 
the equilibrium between the dissolved gas and that present in 
the air. 

Peroarbonates.— These salts contain the ion Potassium 

percarbonate, is precipitated as blue crystals when a 

saturated solution of potassium carbonate is dectrblysed at a low 
temperature. A diaphragm must be used, and the anode must 
be a smooth platinum wire, at which oxygen has a high over-voltage : 

2CO3'*— 2 elect^ons=C20e^ 

On careful drying the salt is obtained as a white anhydrous solid 
soluble in water. Its solutions have strong oxidizing properties 
and behave as though they contained hydrogen peroxide, which 
indeed is probably formed by hydrolysis: 

CgOe^+zOH'^zCOa'+HjOa. 

Percarbonates can also be obtained by the action of carbon dioxide 
on cold suspensions of sodium peroxide: 

2C02‘~{"Na202®=Na2C20 g. 

All percarbonates are imstable, and on warming give the normal 
carbonate, carbon dioxide, and oxygen: 

2K2C20g=2K2C03-|-2C02 t "{“Og f . 

Halides* — Carbon tetrafluoride, CF4, is prepared by union of the 
elements, or by the action of silver fluoride on carbon tetrachloride 
at 300®: 

4AgF-|-CCl4=CF 4-f-4AgCl. 

It is a colourless, odourless gas, boiling-point —130®. It is veiy 
stable and inert, being unaffected by water, concentrated sulphuric 
acid, caustic potash, or benzene, and suffers no change even when 
mixed with hydrogen and exposed to sparks. Sodium, magnesium, 
and barium react with it with incandescence. 

The stability of covalent halides usually decreases from fluorine 
to iodine, and this is very noticeable in Group IV. 

Carbon mracUoriit, CCI4, cannot be obtained at any temperature 
by combination of the elements, and is prepared on a fairly larj^ 
by the action of chlorine on carbon disulphide: 
cSg+acu^ccu+SgCig. 

Iodine or anhydrous aluminium chloride may^ be used catalyst. 
C^bon tettachloride is a colourless volatile liquid, boiling at 77®, 
with a sweet smell, and is used in laundries in ' dry-cleaning,* ami in 
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oil mills for extracting oil from crushed seeds; both these uses 
depend on its solvent power for oils and fats. It is non-inflammable, 
and this is an advantage over carbon disulphide, which is sometimes 
used for the same purpose, but it is quite as poisonous, is dearer, and 
also attacks metal-work. Both the disulphide and the tetrachloride 
are now being replaced as a solvent by ‘ westron,' or acetylene 
tetrachloride, C2H2CI4, and ‘westrosol,' CjHClg (trichlorethylene). 
The latter has no deteriorating effect upon metals. | 

Carbon tetrachloride is a heavy liquid (density 1*5^ and the 
vapour is five times as heavy as air. Hence carten tewachloride 
is used in fire-extinguishers; it is immediately vaporized at the 
temperature of the confla^ation. It is particularly suitable for 
motor-car outfits, as it dissolves petrol, whereas watet; merely 
floats it. It has also been used in shampooing, but is riot to be 
recommended for this purpose, as its anaesthetic powers exceed 
those of chloroform. 

In the laboratory it is used as an eminently inert solvent for oils, 
fats, the halogens, etc., and has the advantage of being practically 
insoluble in water. The chemical stability of the substance is very 
remarkable; it is the only tetrachloride of Group IV to be entirely 
unaffected by water, and sodium has no visible action on it in the 
cold. This inactivity is probably due to the S5niimetrical and 
fully saturated electronic structure (the covalency maximum of 
carbon is four) and should be contrasted with the ready hydrolysis 
of the tetrachloride of silicon, whose covalency maximum is six. 
The dielectric constant of carbon tetrachloride is small (2*0), it 
has negligible donor or acceptor properties, and is the non-polar 
solvent par excellence*, it neither ionizes in other solvents nor 
induces ionization in substances dissolved in it. 

Carbonyl chloride or Phosgene, COCl*, is the acid chloride of 
carbonic acid. It is produced by the combination of carbon 
monoxide and chlorine on a charcoal catalyst (in sunlight the action 
takes place ^ntaneously) or by oxidizing carbon tetrachloride 
witih fuming sulphuric acid. It is a colourless, extremely poisonous 
gas, boiKng at 8® and slowly hydrolysed by water: 

C0Cl2+H20=C0a+2Ha 

Oarton #ERi|pbide» CS2> i^ prepared heating coke and sulphur 
in an electric furnace, from which the carbon disulphide escapes 
as vatK>ur. It is an excellent solvent for oils and fats, sulphur, 
phosfSiorus, iodine, rubber, and other substances, and is used on 
the large scide in oil recovery and in the vulcanization of rubber. 

It is a colourless volatile liquid, boiling at 46®, and highly in- 
flantliiable. The puxe substance has a sweetish smell, but the 
oommercial product* contains impuriti^ which give it a disgusting 
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odour: they can be removed by shakiiig with mercuiy and distilling 
Carbon disulphide is only very slightly soluble in water. 

Carbon CEzysiilphide, carbonyl sulphide, COS, is a colourless in- 
flammable gas prepared by the combination of carbon monoxide 
and sulphur vapour in a hot tube, or more conveniently by the 
action of moderately concentrated sulphuric acid on a thiocyanate : 

CNS'+ 2 H‘+Ha 0 =NH;+C 0 S f. 

In physical properties it is intermediate between carbon disulphide 
and carbon dioxide. 

Cyanogen, C2N51, is obtained by heating the cyanides of mercury, 
silver, or gold, e.g. : 

Hg(CN)2=Hg+C2N2t, 

or by heating mixed solutions of cupric salts and cyanides: 

Cu"+2CN'=Cu(CN) 2 j and 2Cu(CN)2=Cu2{CN)2+C2N2 f . 

It is a colourless, inflammable, and extremely poisonous gas with a 
peculiar smell. It is fairly soluble in water, but the solution is 
unstable and the cyanogen is slowly hydrolysed with the formation 
of organic substances. With the alkali-metals cyanogen combines 
to form cyanides : 

2K+C2N2-2KCN. 

Paracyamgen is a polymer of cyanogen simultaneously produced 
when the gas is prepared by heating mercuric cyanide. It is a 
brown powder that yields cyanogen on strong heating. 

Hydi^en cyanide, HCN, sometimes called hydrocyanic or prussic 
acid, is prepared by the distillation of a cyanide solution to which 
a dilute acid, such as dilute sulphuric acid, has been added. The 
product is an aqueous solution of hydrogen cyanide. If the sub- 
stance is required pure the water-vapour must be removed by 
passage through calcium chloride; the hydrogen cyanide c^ then 
be condensed in a freezing-mixture. It can also be obtained by 
passing ammonia over carbon at a high temperature and rapidly 
cooling the gas stream after it leaves the reaction vessel: 

NH3-fC^HCN+H2. 

Hydrogen cyanide is a colourless liquid, boiling at 27®, with a 
peculiar odour to which many persons are completely insensitive. 
Like other cyanides it is intensely poisonous, and a few drops 
placed on the tongue usually cause practically instantaneous death. 
The resistance to the action of the poison varies with individuals, 
but cases have been recorded of suicides who have lost conscious- 
mess before putting down the cup from which the poison has 
been dn^. Nevertheless, South Amcan natives, if allowed, use the 
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tanks of OTanide solution for the gold-mines as bathing pools and 
sddom saner any ill diects. 

Hydrogen cyanide mixes with water in aU proportions. The 
solutions are very weakly acidic, the dissodation-constant of the 
add bdng only yxio”^. Consequently solutions of cyanides, 
such as potassium cyaiude, are strongly hydrol}rsed and have 
a marked alkaline reaction. By concentrated adds cy^ides are 
decomposed with the formation of carbon monoxidjit and an 
ammonium salt: | 

CN'+ 2 H-+H, 0 ==NH 4 --f CO f . | 

C3ranides are reducing agents, and in the exercise of tt^is power 
are converted to cyanates: 

CN'+ 0 = 0 CN'. 

Their remarkable power of forming complexes of great stability 
has already been alluded to. It has been shown that the organic 
isocyanides have a structure in which six electrons are shared 
between the carbon and nitrogen atoms: the structure of the cyanide 
ion is:' 


:N C: 

In hydrogen cyanide the hydrogen atom may be attached either 
to the nitrogen or the carbon, and there is some reason to believe 
that the liquid is an equilibrium mixture of the tautomeric forms 
H.CN and H.NC. The complex-forming powers of the cyanide 
ion are specially enhanced because it contains two 'lone-pairs’ 
(see p. 797), and in many solid cyamdes both pairs are active. 


Silicon 

Si=28'09. Atomic Number, 14 

Bfatoy.— V an Helmont {1577-1644) made silica (SiO,) the basis 
of one of the earliest illustrations of the conservation of matter. 
He fused a Jmown weight of silica with alkali, dissolved the ‘ glass ’ 
, in water, and then precipitated the silica with add. On (hying and 
Wei^ang, the weight of silica obtained was found to be equal to 
tlw original wd^t. Bec:hes (1655) r^arded silica as an earth, 
U his ierr0 vHrmdbiUi is lightly to be identified with that substance. 
Ti^aasmus, however, in x66o diowed that it differed finm an earth 
in possessing addic jax^erties. Lavoisies (1787) assumed silica 
to be the oxide of an unlmown element, and in zSo^zz Gay-Lussac 
and Tbbnard jnepared crude silicon by heating potassium in silicon 
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fluoride gas (SiFJ. Bekzeuus (1823) obtained a better vield bv 
reducing pota^um fluosflicate (K^SiF,) with potassium, and wm 
able to detera^e the atomic weight ot the element. He regarded 
it as a metal, but Davy showed it to be a non-metal and to possess 
a striking similarity to carbon. 

Occuxience.— With the single exception of oxygen, silicon is the 
most abundant element on the face of the earth (including the atmo- 
sphere and the sea), and forms about one-quarter of the earth's 
crust, by weight, whereas oxygen accounts for about a half. It 
occurs exclusively as the dioxide, silica, SiOg, or as a silicate. Flint, 
quartz (‘ rock-crystal *), and sand are all silica in different states 
of purity, and several precious stones, such as amethyst or jasper, 
consist of silica coloured by traces of other compounds. Silicates 
are very complex substances in which almost any metal may be 
contained; the aluminosilicates are particularly abundant and are 
the principal constituent of clay. 

Silicon and its Componnds.— The chemistry of silicon is dominated 
by the stability of silica and the silicates, the final product of almost 
ail the reactions in which it takes part. Silicon forms no elementary 
ions, and its compounds are nearly all either insoluble in water or 
are hydrolysed to form silica or a silicate. Silicon has the usual 
resemblance with the first member of the previous group, boron, 
and also strongly resembles carbon. Unlike carbon, the element 
does not occur in the free state in nature, and silicon is much more 
difficult than carbon to prepare, on account of the great stability 
of the dioxide. Silicon shows, though to a much smaller extent, 
some of the power which carbon has of forming long chains, but 
in the silicon chains oxygen atoms must alternate with the silicon 
atoms, Silicon is almost invariably quadrivalent, and in this it 
resembles carbon, though silicon monoxide is very far from playing 
a part of the same importance as carbon monoxide. The covalency 
maximum of silicon is six, compared with four for carbon, md 
this is probably responsible for the instability of the tetrahaUdes 
towards water and the existence of the fluosilicates; the great 
complexity of the silicates is due to the variety of ways in which 
Si04 tetrahedra can unite. 

IQ^entaty Silicon. — ^The element can be prepared by reducing 
either a tetrahalide or a fluosilicate with an alkali-metal; 

4K+SiF4-=4KF+Si or 4K+KaSiFe=6KF+Si. 

It can also be prepared, though in poor yield, by heating a mixture 
of sand and magnesium powder: 

2Mg+Si0a=2Mg0+SL 

Magnesium silidde is produced at the same time. All these p^ 
cesses jdeld amorphous silicon. The crystalline element can be 
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obtained by heating a mixture of fluosilicate and magnesium in 
the proportions shown in the equation: 

KaSiFe+2Mg=2KF+2MgFa+Si, 
or by reducing silica wift calcium carbide. Crystalline silicon is also 
obtained as a by-product in the manufacture of carborundum. 

Properties* — ^Silicon has a high melting- and boilmg-point, but 
can be distilled with difficulty in the electric furnace. Crystalline 
. silicon in appearance somewhat resembles a metal, and has some 
"power of conducting the electric current, while with ceimin metals 
it forms alloy-like compounds, but it will not liberate\hydrogen 
from any acid except hydrofluoric. Crystalline silicoii, has the 
crystal structure of the diamond, and shares some of the'chemical 
inertness of carbon. If heated in air or oxygen it will buri^ to form 
silica, and udll combine with fluorine at ^1 temperatures to form 
the tetrafluoride, SiF4, with the evolution of much heat, but it 
must be heated before combination with chlorine takes place. At 
high temperatures the reducing powers of silicon are more evident, 
and at a white heat it will decompose steam and many metallic 
oxides with the formation of silica. Silicon readily liberates 
hydrogen from caustic alkalis, either fused or in solution, with 
the formation of silicates. Just as diamond is less reactiye than 
charcoal, so is crystalline silicon less reactive than the amorphous 
variety. 

— ^The silicides of two elements have attained some 
industrial importance, e.g, carbon silicide, or carborundum, which 
has already been described (p. 566), and iron monosilicide, ferro- 
sUicon, FeSi, obtained by reducing silicate-containing iron ores in 
the electric furnace. Ferrosilicon is added to iron to improve its 
resistance to acids, and the resulting alloy finds an increasing use 
in the manufacture of resistant vessels for the concentration of 
sulphuric acid. 

Silicon hydrides. — These interesting compounds are prepared 
from magnesium silicide, just as the somewhat similar compounds 
of boron areprepared from magnesium boride. Magnesium silicide, 
M^aSi, is prepared by heating dry silica with a large excess of 
magnesium powder at a temperature which must not be allowed to 
rise too high, otherwise silicon is produced. The substance thus 
obtained is gradually added to dilute hydrochloric acid at 50® in an 
; atmosphere of hydrogra (Fig. 120, p. 522). when a gas is obtained 
coi^ting chiefly of hydrogen, but also containing some 5 per cent 
of hydrides of silicon, of which the simplest is produced according 
to the equation: 

Mg«Si+4H‘ «SiH4 1 +2Mg-. 

The mixed gases ale freed from water and hydrogen chloride and 
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are then separated from hydrogen by condensing them with liquid 
air. The mixture is then fractionally distilled. 

rilicome thapef SiH^, is a colourless gas with a peculiar 
smeU, and is stable in the absence of air, but on strong heating 
decomposes into silicon and hydrogen. It is spontaneously in- 
flammable, yielding water and silica. Silane is produced in 
theoretical yield by adding silicon tetrachloride to lithium 
aluminium hydride in ether solution (cf. diborane, p. 523 ). Silane 
is slowly decomposed by water: 

SiH4+2Ha0=Si02 ; + 4 H 2 1 . 

and more rapidly by solutions of caustic alkalis: 

SiH4+H20+20H'=Si03"+4H2 1 . 

By measuring the volume of hydrogen evolved in this and similar 
reactions, it is possible to analyse the silicon hydrides, of which 
a series is known, corresponding in formula with the lower paraffins, 
though the properties of the two series of compounds are not at all 
similar. Typical members are disilane, or silicoethane, Si 2 H 3 , and 
trisilane, or silicopropane, SigHg. 

By the action of the halogens on silane at low temperatures, 
such compounds as monoiodosilane, SiHgl, and dibromosilane, 
SiHgBrg, can be obtained. They are decomposed by water, but 
the silico-alcohols resulting from their hydrolysis are unstable and 
lose water to form silicoethers or silicoaldehydes: 

SiH8l+H20=SiH8(0H)-+HI. 2SiH8(0H)=(SiH3)20-f H,0. 

SiH8Br2+2H20=SiH2(0H)2+2HBr. SiH8(0H)2=:SiH20+Ha0. 

The hydrides of silicon are sharply distinguished from the paraffins 
by the action of hydrogen chloride, which has no effect on the 
latter, but reacts with the former, in the presence of aluminium 
chloride as catalyst, to form such compounds as monochlorosilane: 

SiH 4 -fHCl=SiH 8 Cl+Ha. 

Silicon oxides. 

Siliea> silicon dioxidet SiOj, constitutes some 12 per cent by weight 
of the crust of the earth, and if its derivatives the silicates are 
included, the proportion is more than half. It can be prepared in 
several amorphous and at least seven crystalline forms, of which 
we shall mention only the three most important : quartz^ Widymite^ 
and cristob^ite, all of which are found in nature. 

Quarts, or rock-crystal, is a very abundant mineral and is stable 
up to about 870 ®. Very large fine crystals of this subst^ce are 
sometinaes found. It is transparent not only to visible ]%ht but 
^0 to the radiations of the ultra-violet and infra-rtti wbkh 
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are abserbed by g^ass, and is therefore ground into prisms and 
lenses and used in optical apparatus designed to deal with these 
wave-lengths. At 575® it is converted to a modification caJled 
/S-quartz, to distinguish it from the a-quartz stable at ordinary 
tem^mutur^. By X-ray anal3rsis the two forms have been shown 
to differ in the arrangement of the atoms in the crystal lattice. 
At 870* it is converted to trid5unite, a less dense subst^ce whose 
temperature of formation is therefore increased b4 increased 
pressure, and at 1470® trid5Tnite forms cristobalite, vibich melts 
at 1710“. I 

Fused silica, often called fused quartz or silica-glass, fe prepared 
by fusing silica in the electric furnace. At a s%hdy higher 
^temperature silica begins to vaporize. Amorphous silica is also 
obtained by the removal of water from silicic acid; it crystallizes 
bn strong heating. 

Silica is soluble in water only in the form of the colloidal solution 
silidc add, which consists of silica associated with a variable 
quantity of water. The oxide has no amphoteric properties and 
is attacked only by hydrofluoric acid among the adds, and slightly 
ly phosphoric acid at high temperatures. It will, however, dissolve 
in alkalis, amorphous silica in the solution, and quartz, slowly, in 
the fused substance; 

Si 0 ,-l- 20 H'=Si 03 ''+H, 0 . 

On account of its resistance to reagents fused silica is now a valuable 
material for vessels for use in the laboratory and in industry. It 
has been used on the large scale in the concentration of sulphuric 
add. The coeffident of expansion of silica is exceedingly low, 
so that small articles made from it can be heated red-hot and 
quenched in water without cracking. It is also free from the traces 
of soluble impurity present in ordinary glass, and silica vessels are 
frequently us^ in research, espedally when the catal5rtic properties 
of ^ surface are of importance, as in studies of reaction velocity. 
Laboratory dlica-ware is made in two varieties, transparent and 
translucent; the former is more convenient but very much more 
e^pendve. 

ffiBate add and aiUeatea.— Hydrated silica is precipitated when 
an add is^added to the solution of a_soluble silicate. The action 
tnay be written: 

SiO,'-t-2H'=H,SiO,|. 

but the fcumula does not exactly represent the compr^tion of the 
precm^ltate, which is in the colloidal form and is associated with a 
'.1«danhi quantity of water. When purified by dialysis and pro- 
tected from coagulation the sdirtion k found to be a weak acid, 
eady predpitated by the addition of electrol3des. 
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Silicic add and tte silicates are for the most part complex 
substances of high molecular weight. The metasilicates of the 
alkali-metals are soluble in water; sodium metasiUcate Na.SiO, 
is a colourless substance which can be obtained in the crystalline 
condition.^ The coixiniercial product is manufactured under the 
name of ' waterglass ' by boiling powdered flint under pressure 
with a concentrated solution of caustic soda and evaporating the 
solution to a S5nrupy consistency: the composition of the solute is 
approximately i.e. Na20.4Si02. It is used in the cardbox 

industry as an adhesive; for hardening cement roads; for mend- 
ing small articles; and in dilute solution for preserving eggs*— 
it clogs the pores of the shell and isolates the interior of the egg 
from bacterial infection. Silicate solutions contain the ions SiO/ 
and SigOs*'. 

Glass is a mixture of various silicates, sodium, potassium, calcium, 
and lead being the metals most often used. Glass is undoubtedly 
to be regarded as an xmdercooled liquid, and has no definite crjrstal- 
line structure, but it can sometimes be made to crystallize by 
prolonged heating. The process of crystallization is called ' devitri- 
fication,' and makes the glass brittle, translucent, and useless. 

' Soft ' or soda glass is made by heating sand, sodium carbonate, 
and lime in a glass-furnace. It softens at a lower temperature 
than other glasses and is the most widely used. If potash is 
substituted for soda the familiar 'hard' glass of the laboratory 
is obtained. Glasses specially made for resistance to attack by 
chemicals usually contain boric oxide and free siUca — such are 
Jena glass and Pyrex. Finally, coloured glass is made by the 
addition of small quantities of metallic oxides or silicates, or even 
finely divided metals, to the melt, e.g. cobalt oxide, blue; chromium 
oxide, green; colloidal copper or gold, red. The 'stained glass' 
used in church windows consists of colourless glass on which a 
thin layer of coloured glass has been melted. 

Silicon monoxidc» SiO. — ^When a mixture of silica with silicon or 
carbon in the proportions SiOj-f-Si or Si02-+-C respectively k heated 
in an electric furnace, the mixture is completely volatilized at 
1400-1500®, that is, at a temperature far below that needed to 
volatilize either constituent alone. On slow cooling a brittle black 
solid, of composition SiO, is formed, but has been proved by X-ray 
diffraction to contain only silicon and its dioxide. It may be 
inferred that while a monoxide exists as vapour it decomposes on 
cooling and solidification. The brown amorphous powder produc^ 
by rapid cooling liberates hydrogen from water, and may retain 
some tmdecomposed monoxide: 

SiO-f-HgO^SiOg+Hat. 
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SlUCON HALIDES. 

Silioo& tetnfluoride, SiF^, can be made by the combination of 
the elements, or by the action of hydrogen fluoride on silica. The 
action: 

Si02+4HF ^SiF4+2H20, 

is reversible, and evolves heat when carried out from left to right; 
it is therefore necessary to prepare silicon fluoride at as low a 
temperature as possible. The equilibrium is complicafed by the 
formation of fluosilicates (in which silicon has a covalency bf six) : 

SiF;+2F^SiFe^ ^ 

The fluoride is usually prepared by heating a mixture of silica 
and calcium fluoride with concentrated sulphuric acid, which by 
absorbing the water formed in the reaction promotes the formation 
of the tetrafluoride. The gas must be purified from hydrogen 
fluoride by passing it through a long tube full of red-hot glass wool, 
with which the hydrogen fluoride reacts to form water and silicon 
fluoride. It can be obtained pure by heating barium fluosilicate 
in a copper apparatus: 

BaSiF4=SiF4 f -f BaFg. 

Silicon tetrafluoride is a colourless gas which, unlike carbon 
tetrafluoride, is immediately decomposed by excess of water into 
silica and hydrogen fluoride, though imder suitable conditions the 
reverse action takes place. The sflicon tetrafluoride then combines 
with the hydrogen fluoride formed by its hydrolysis to produce the 
soluble fluosUicic acid, so that the total reaction is: 

3SiF4-|-2H20=Si02 +2H2SiF4. 

The delivery-tube from which the gas issues should dip under 
mercury under the surface of the water, or it will be choked by the 
gelatinous silica produced. 

Shiorilfate acid, KgSiFe, has not been obtained pure, for on 
concentrating the solution hydrolysis takes place and the solution 
loses hydrogen fluoride and silicon tetrafluoride. It is a strong 
add which can be titrated with caustic alkalis, and in solution 
in tiifi odd shows very little tendency to decompose into fluorides 
of sIHcon and hydrogen. The fluosilicates cannot however exist m 
atrongi^ alkaline solution, but are decomposed according to the 
equation: 


SiF/^-4qH'=*6F'+SiO,.^ +2H,0. 
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The fluosilicates of the alkali-metak (except lithium) and of barium 
are only slightly soluble. 

c fmilgr compounds are not known with halogens other than 
fluorine: most elements display their maximum covalency in com- 
bination with fluorine. 

piioftti tetmchloride, SiCl4. — Unlike carbon, silicon will bum in 
chlorine to form the tetrachloride, which can more easily be pre- 
pared by passing chlorine over a hot mixture of silica and charco^. 

It is a colourless liquid (boiling-point 57') which is slowly 
hydrolysed by water with the formation of silica and hydrogen 
chloride: 

SiCl4-f-2HjO-SiOjH-4HCl 

(contrast this behaviour with that of carbon tetrachloride). The 
liquid is unaffected by sodium, but when sodium is heated in the 
vapour silicon is obtained: 

4Na+SiCl4=SiH-4NaCl. 

In addition to the tetrachloride, silicon forms compounds SiaCl,. 
SigClg, etc., with chlorine, which recall the higher chlorides of 
csirl^oii* 

Silicochloiofonu, tnchlorosilane, SiCljH, is obtained by heating 
silicon, or better, copper silicide, in hydrogen chloride gas: 

Si-f3HCl=SiHCl3-t-Ha. 

It is a volatile liquid which resembles silicon tetrachloride more 
than chloroform: it is quickly hydrolysed by water and is more 

reactive than chloroform. . . . ..j c-t ... 

Silicon tetrateomide, SiBrg, and silicon tebraio^. S 1 I 4 . am 
colourless substances which resemble the tetracUonde, though the 

tetraiodide is a solid. . , , 

Silicon phosphate.— Silica dissolves with difficulty in hot phos- 
phoric acid, forming a compound which has the compoatwn 
SiPgO^. By excess of water it is hydrolysed into sihca and phos- 

Highly polymerized orgmosilicon com]^im^. 
known collectively as ‘ silicones,' have become very p 
commercial products during the last few years. T . 

waterproofing insulating, lubrication, and a wde of oth^ 

purposes, 'j^eir constitution is that of indefimtely extended chains 

--0-Si(CHs)g— 0-Si(CH8)2-0- 
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Subgroup 

Titanium, Zirconium, Cerium, Hafnium, Thorium 

[Note. — Cerium can be considered with the rare-earth group, but 
fits more conveniently into Group IV, as it has many features in 
common with thorium which distinguish it from the earths. 
With the exception of titanium, all the elements of thip subgroup 
are rare.] 


Titanium 

Ti=47*90. Atomic Number, 22 

Ooenneiice. — ^Titanium was discovered by Gregor (1791), and 
independently by Klaproth (1794), but the metal itself in a state 
of reasonable purity has only recently been prepared. It is one 
of the most abundant of the metals, but though it is very widely 
difbised, ores rich in titanium are imcommon, and until the recent 
increased demand for titanium they have not been worked on a 
large scale. 

Ihe principal ores are rutile, an impure form of titanium dioxide, 
found in North America and Norway, and ilmenite, iron titanate 
with excess of titanium dioxide, found chiefly in the United States, 
Braxil, and Southern India. 

Uses. — ^In the form of ferro-titanium, an alloy containing some 
80 per cent of iron, titanium has long been used for the ‘ cleansing ' 
of sted, Le. for the removal of oy^ea and nitrogen. This demand 
is satisfied by quite small quantities of titanium, but the develop- 
ment of titanium |»gments has greatly increased the output. 
Titanium paint is made either from the dioxide or from barium 
titanate, aiui has a greater covering power than white lead, is 
non-poisonous, unaffected by light, and unchanged by impurities 
in the atmo^ere. 

Componiu^ of titanium are also used as mordants in dyeing and 
in staining ^^er. The tervalent salts — ^the titanous compounds 
—are powerful reduciim agents and are used in the dyeing industry 
as for removing the colour from goods that have been 

badly <h^ — ' stripling,’ as it is caESi. In the laboratory they 
are used in volnmetiic analysis. Titanium tetrachloride is used 
m snu^Ee-scteens. 

SitoMiiOB.-^Ferro-titanium is made by two processes. If ^ 

1(^1^ in carbon is required, ilmenite is reduced with carbon in 

e dectrk: furnace. Ferro-titanium free from carbon is prepared 
^ fhto ^dscbinidt prooem. . . 

ptooea^ liftve devised for the {O’qparatioa of titamum 
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compounds. ^ In the Monk-Irwin process ilmenite is ground up 
and heated in water-gas. The product is a mixture of iron and 
the dioxide of titanium, which is freed from iron by treatment with 
dilute sulphuric acid. The dioxide is then converted to the sulphate 
by fusion with sodium hydrogen sulphate, and the product is dis- 
solved in water to form a solution from which fairly pure titanium 
dioxide can be precipitated by boiling. In the American process 
ilmenite is dissolved in hot sulphuric acid, and the ferric salts are 
then reduced to the ferrous condition. Titanium dioxide can then 
be precipitated from the solution by boiling it. 

Titanium Compounds. — In its compounds titanium resembles 
silicon, but it is much more metallic and its compounds are more 
salt-like, while the titanates are less stable than the silicates. 
Silicon is never tervalent, but titanium has a well-marked series 
of tervalent salts, which give a violet ion Ti’“ in solution, and which 
somewhat resemble the tervalent compounds of the neighbouring 
element vanadium. 

The compounds in which titanium is quadrivalent are the most 
stable, but they can be reduced by strong reducing agents to the 
tervalent compounds, in which the metalhc character of titanium 
is most clearly shown. By continuing the reduction compounds 
of bivalent titanium can be obtained, but these are very unstable 
and liberate hydrogen from water, while some of them bum in air. 

Metallic titanium. — ^The hard, veiy brittle metal obtained by 
reducing the tetrachloride with sodium is finely powdered, and, 
mixed with iodine, is placed in an evacuated chamber heated to 
about 200® and traversed by tungsten filaments electrically heated to 
1000°. On these the first-formed and volatilized tetraiodide is 
locally dissociated, and rods of metal develop round the filaments. 
As the rods thicken the heating current is increased to maintam the 
temperature. The process amoimts to a distillation of titanium. 
So prepared the metal is freely malleable and ductile. When heated 
to a fairly high temperature in air, it bums to form the dioxide 
TiOj, and at 800® it will also combine with nitrogen with in^des- 
cence to form titanium nitride, TiN. Titanium reacts with the 
halogens and the gaseous halogen acids to produce the tetrahalides, 
but in hydrochloric or sulphuric acid it liberates hydrogen ^d 
dissolves to form a violet solution which contains the tervalent ion 
Ti’“ and is slowly oxidized by the air. 

monoxide, TiO, is made by heating titani^ 
dioxide with carbon in the electric furnace (compare the preparation 
of silicon monoxide). It is weakly basic. 

Titmmm sesquioxide, is obt^ed by reducing the moxide 
^th hydro^fOT. When caustic alkali is added to the solution of 
a titanous salt such as liO,, a reddish-brown precipitate of the 
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hydroxide Ti(OH )8 is thrown down. It dissolves in sulphuric acid 
to give a violet solution of titanous sulphate, Ti2(S04)8, 

TUanium dioxide, TiO*, the most stable oxide of titanium, occurs 
in an impure form in nature as rutile. It may be precipitated 
from titanic solutions by alkalis, or from solutions of titanates 
simply by boiling them (hydrolysis). At low temperatures the 
precipitate may consist of the tetrahydroxide Ti(0H)4,j| sometimes 
called orthotitanic acid, but X-ray diffraction fails to lireveal any 
definite hydroxides of titanium. It can be converted to the dioxide 
by strong heating. \ 

Titanium dioxide is produced when titanium bums'\in air or 
oxygen, and can be reduced to the metal only with this greatest 
difficulty, in which it resembles silica. It is amphoteric aind when 
in the hydrated form will dissolve in acids to produce titanic 
compounds, probably giving rise to the colourless titanyl ion TiO ’, 
and in alkalis to produce the titanates, whose characteristic ion 
is TiOg" or some more complex form. Titanic acid is so weak that 
the solubility of titanium dioxide in aqueous alkalis is very limited, 
and the titanates are best prepared from the dioxide and fused 
alkalis or carbonates. Like silicic add, titanic acid can in solution 
exist only as a colloid, and is precipitated from solutions of titanates 
on boiling. 

The titanates are often found associated with the silicates: calcium 
titanate occurs in the Ural Mountains, and ferrous titanate, FeTiOg, 
is the principal constituent of the mineral ilmenite. As a typical 
soluble titanate we may mention potassium metatitanate, 
K 8 Ti 08 . 4 Ha 0 , prepared from titanic acid and fused caustic potash: 

Ti(0H)4-l-2K0H=K2Ti0a+3H20. 

It is a colourless hygroscopic solid, whose solutions have a strongly 
alkaline reaction from hydrolysis. 

TUanium trioxide or peroxide, TiOg, in the hydrated form also 
called pertUanic acid, is obtained as a yellow precipitate by adding 
hydrogen p^oxide to a solution of titanium disulphate, Ti(S04)2, 
in sulphuric add and then neutralizing with ammonia. Before 
the ammonia is added the solution is oraiige and possibly contains a 
per-add. „Since solutions of titanium disulphate are obtained by 
dissolvmg the dioxide in sulphuric add, the net change may be 
represented: 

Ti02+Ha02-=Ti0g+Hg0. 

The orange-coloured solution is used as a test both for titanium 
and for hydtogen peroxide. The colour is destroyed by reducing 
and trioxide is a fairly powerful oxidimg agent which 
; will liberate chlorine from hydrodUoric add. 

' ; fitimlwin nitcides. — ^At a high temperature titanium will burn 
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in nitrogen to produce a nitride, and if titanium dioxide is reduced 
in ammonia gas the oxygen can actually be replaced by nitrogen 
a very unusual reaction: ^ ' 

6Ti02+8NH3=6TiN +I2H20+Na. 

At lower temperatures the nitride of titanium is hydrolysed by 
water with the formation of titanium oxides and ammonia. It is 
golden-brown in colour, and as hard as diamond. 

mMeB.—The tetrahalides.— These are the most stable halides 
of titanium. The tetrafluoride TiF4.2H20 is a colourless hygro- 
scopic solid of definitely salt-like character which readily forms 
complexes, called fluotitanates, with other fluorides: 

TiF4+2F'==TiFe". 

The fluotitanates are stable compounds which recall the fluo- 
silicates, and, like potassium fluosilicate, potassium fluotitanate 
is only slightly soluble in water. 

The tetrachloride TiCl4 is one of the most important compounds 
of titanium, and is obtained by the action of chlorine on the metal 
or on a mixture of its oxides with carbon (compare aluminium), or, 
better, by heating the dioxide in the vapour of carbon tetrachloride: 

Ti02+CCl4=TiCl4+C02. 

It is a liquid boiling at 135®, and as it can be thoroughly purified 
has been used in the determination of the atomic weight of titanium. 
In its behaviour with water it is intermediate between the tetra- 
chlorides of silicon and tin; the reaction gives out much heat, but 
hydrolysis is not complete and an equilibrium is set up between 
titanyl ions TiO” and the products of hydrolysis, of which the feal 
stage is the formation of Ti04"", the orthotitanate ion. On boiling 
the solution hydrolysis is complete, unless there is a large excess of 
hydrochloric acid. 

The tetraiodide Til4 readily bums in air, forming titanium 
dioxide and iodine: 

Til4-f-02==Ti02H“2l2 1 • 

The trihalides are not much less stable than the tetrahalides and 
are the most definitely salt-like compounds of titanium. When 
a hydrochloric acid solution of titanium tetrachloride is reduced 
with aluminium or electrolytically, a violet solution is produced 
which contains titanium trichloride^ TiClj. The anhydrous salt 
foians violet crj^tals, which are hygroscopic and which, like their 
solutions, are readily oxidized and decolorized by the air. Titanous 
chloride solutions are powerful reducing agents. The oxidation 
potentw of TryiiO'' is (in N-add) +0*10 volt. They 
predpitate copper, silver, gold, or mercury from solutions of their 
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salts, reduce nitrates to ammonia, perddorates and chlorates to 
chlorides, dux>mates to diromium salts, etc., and are now used to 
an increasing extent in the titration of ferric salts, which they 

reduce to ferrous salts, with 
ammonium thiocyanate as m. 
temal indicator: 

Ti-+Fe-+HsO= « 

TiO-4Fe"+2H-. 

They are also used in the titration 
of organic nitro-compoi^ds, which 
they reduce to aminesi As the 
solutions are oxidized by the air 
Burette they must be stored under hy- 
drogen, as shown in the diagram. 
Nowadays titanous chloride is 
usually replaced by titanous sul- 
phate, obtained by the electrolytic 
reduction of a solution of titanium 
dioxide in sulphuric acid. In 
either solution excess of acid must 
be present to prevent hydrolysis. 
Fig. 1*7. Storage of Titanous Titanous bronti^, TiBr^, is pro- 
C^LORioB Solutions duced together with the dibromide 

TiBr, when titanium is carefully 
heated in hydrogen bromide gas. These compounds are decomposed 
at higher temperatures, the final product being the tetrabromide: 

2TiBr8=TiBr,+TiBr4. TiBrj=Ti4-TiBr4. 

The dihoHdes are very unstable compounds obtained by reducing 
the trihalides with hydrogen: 

2 TiClj-fHj= 2 TiCl,-f 2 HCL 

Titanium dichloride hisses violently when brought into contact 
with yrater, and liberates hydrogen from it: 

. TiCl,+4HjO=Ti(OH)4j:2Ha+H,t. 

It also bums in air, forming the dioxide and the tetrachloride: 

2 TiCl 8 -f-Oj==TiOj -j-TiCl 4 . 

fcdjiuitM.— The disulphate Ti(S04)8 is obtained in solution by 

S ; the hydrated dioxide wi& su^huric add. When electro- 
ly reduced it pelds the violet solution of titanous sulphate, 
in sulphuric add used in volumetric analysis. 
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Zirconium and Hafnium 

Zr=9i*22 ; atomic number, 40. Hf=i78 -5 ; atomic number, 72 

Zirconium and Hafnium. — ^These elements are separated in 
the Group IV list (p. 556) by cerium, but they resemble each other 
so closely that they will be treated together, while cerium and 
thorium, which also resemble each other, will be discussed in the 
next section. 

Zirconium was discovered by Klaproth in 1789 in an investiga- 
tion of the mineral zircon, from Ceylon, and was considered a very 
rare element until 1892, when a new mineral, baiieleyiie, from 
Brazil, was found to contain some 90 per cent of the dioxide. In 
spite of this discovery zirconium may still be regarded as one of 
the scarce elements, as it is very little used in commerce and only 
small quantities of the ore are extracted. 

Impure zirconia (zirconium dioxide) is also found in Norway, 
and is contained in the precious stone called found in Ceylon. 
The zirconia of commerce is, however, nearly all obtained from 
baddeleyite, which is finely ground and extracted with boiling 
hydrochloric or sulphuric acids, which remove most of the iron 
and titanium with which the zirconia is associated. 

The credit for the discovery of hafnium was the subject of a 
controversy into which we need not enter. Urbain claimed that 
the new element was the same as an element which he identified in 
1911 and named celtium, whereas the credit is generally assigned to 
Coster and Hevesy, who published their work in 1923 and were 
certainly the first to prepare and investigate hafnium compounds. 
The name is derived from Hafnia, the Roman name for Copenhagen. 
The conclusive evidence for the existence of the new element was 
its X-ray spectrum, which proved that its atomic number must 
be 72 and that its place must therefore be among the elements of 
Group IV. The metal has since been shown to be rather less 
rare than was at first supposed, and accompanies zirconium in 
most of its ores, sometimes to the extent of nearly 30 per c^t. 

The close resemblance between element No. 72 and zirconium 
was predicted by Bohr, on the basis of his theory of atomic structure 
(Chapter X), before the discovery of hafnium. He thus emulated 
the feat of Mendeleeff . 

Zirconium compounds have not as yet attained much commercial 
importance. TTie dioxide ZrO, resembles silica in having a very 
low coefficient of expansion, and is even more refractory; it is 
therefore used to a limited extent in the m^ufacture of (OTcibles 
for high^temperature work and for furnace linings. Zirconium has 
a fairly high atomic weight and hence a high absorbing power for 
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X-rays, and as its compounds are non-poisonous they are used 
for defining the intestines of patients requiring abdominal X-ray 
examination. The patient swallows a preparation of pure zir- 
conium dioxide, which casts a heavy shadow in the X-ray photo- 
graph. (Bismuth nitrate is more conunonly used for the same 
purpose.) Hafnium has as yet no commercial use. 

Zirconium and Hafnium Compounds. — ^The very cjjpse resem- 
blance between these elements can be paralleled ojjtly in the 
neighbouring rare-earth group, and was responsible fck the long 
delay in the recognition of haftiium as a separate elem^it. T^eir 
compounds can be separated only by the technique deiireloped in 
the study of the rare earths, and fractional precipitation or 
crystallization is generally employed. The chemistry of \ hafnium 
compoimds has not yet been exhaustively investigated. 

Both elements resemble titanium and silicon, and in the pre- 
dominance of quadrivalency they are intermediate between the 
two, for while tervalent compounds of zirconium are known, they 
have not the stability of the corresponding compounds of titanium. 
Zirconium is more metallic than either silicon or titanium, its oxide 
is more basic, its salts are less hydrolysed in solution, and it is 
distinguished by a greater tendency to produce zirconyl conipounds, 
containing the bivalent radical ZrO, which perhaps also exists in 
solution as a bivalent ion. 

Metallic ziroonium and hafnium. — In the preparation of these 
metals the same difiSculties are encountered as with titanium and 
the same method has been successful: the reduction of the tetra- 
chloride with sodium, followed by * distillation ' on to tungsten 
filaments (see p. 589). For these metals the chamber temperature is 
600® and that of the filaments as high as 1800®. 

Zirconium is a hard white metal which will take a high polish: it 
can be worked as easily as copper. It dissolves with difficulty in 
acids, of which hydrofluoric acid or phosphoric acid are the most 
suitable. It will combine, though not very readily, with oxygen 
or nitrogen to form the dioxide or nitride, or with the halogens to 
form file tetrahalide. 

Oddcs and lurdrozidas. — Only the dioxide and its hydrated forms 
are important. It can be obtained either by purification of zir- 
conium ores, or by burning the metal m oxygen, or by precipitating 
zirconium ^ts with caustic alkali either as orthozirconic acid, 
Zr(OH)4, or as metazirconic acid, ZrO(OH)u. It is amphoteric, 
and wm dissolve in adds to give the quadrivalent zirconium salts, 
mr in ^tased caustic alkalis to give the zirconates: 

ZiOi-i-20H'=«ZrO,"+H*0. 

j^bility in ai|ueou$ soltdions of the caustic alkalis is only 
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slight# and the zhconates, as salts of a very weak acid, are strongly 
hydrolysed in ^lution and have an alkaline reaction. In aU these 
respects zirconium dioxide resembles titanium dioxide: it cannot 
however, be reduced with hydrogen. 

Halides. — ^The tetrahalides are more salt-like than the corre- 
sponding compounds of titanium, and the lower halides are far 
less stable and need not be considered here. 

The tetrachloride ZiC\^ is prepared by the two methods given 
for preparing titanium tetrachloride, but it differs from this com- 
pound in being a ciystalline solid which sublimes at 300®. When 
added to water it gives out much heat, but hydrolysis is not com- 
plete, the product being the soluble compound zirconyl chloride: 

ZrCl4+H,0=Zr0Cl2+2HCl. 

Zirconium nitrate. — The normal nitrate cannot be obtained by 
dissolving the dioxide in nitric acid, as the soluble compound 
zirconyl nitrate, Zr0(N03)2, is produced. The solutions are much 
hydrolysed and slowly deposit a basic nitrate. 

Zirconium sulphate. — Hydrated zirconium dioxide will dissolve 
in concentrated sulphuric acid, and from the solution crystals of 
the sulphate Zr(S04)24H20 can be obtained by evaporation. 
This substance dissolves freely in water to form a solution with 
peculiar properties; it does not respond to the tests for the quadri- 
valent zirconium ion Zr”", and the molecular weight of the solute, 
as determined by the freezing-point method, shows it to be disso- 
ciated into four ions. Moreover on electrolysis the zirconium is 
carried to the anode, which proves that it must be present in the 
anion, but the natme of this anion is still uncertain. 


Cerium and Thorium 

Ce=si40'i3; atomic number, 58. Th=232-05; atomic number, go 

Cerium and Thorium. — In some systems of classif5dng the 
elements cerium and even thorium are included among the rare 
earths; but thorium is a normal member of the fourth group and 
cerium resembles it so closely that the elements are best considered 
together in this group. 

Cerium was discovered in 1803 in a mixture of rare earths, but 
thorium was not identified until 1824 (Berzelius). For sixty 
years they were among the rarest and least important of the known 
elements, but in 1885 Auer von Welsbach invented the incan- 
descent gaS-mantle, and thorium and cerium immediately became 
oi ccmimerdal importance. A hurried search was at once instituted 
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far sources of supply beyond the scanty deposits of thorium- 
containing minerals in Norway, and a rich deposit of monazite 
satd^ containing about 5 per cent of thorium as phosphate and the 
le^ important cerium phosphate, was discovered on the coast of 
Brazil, and remains to this day the largest source of thorium 
compotmds in the world. For a time thorium rivalled coal and 
oil as the object of international intrigue, and the co|iitrol of the 
industry passed largely into German hands, but sincfe that date 
deposits have been found at Travancore (in the soutfc of India) 
and elsewhere. \\ 

In all these deposits thorium is associated with ceritun and the 
rare earths: the thorium is extracted and the residues atfe the only 
important source of the rare earths, for which in recent years it 
has been possible to find some small commercial use. The lighter 
and worthless parts of the mineral are first waished away by air 
or water while the mineral is shaken on vibrating tables, and some 
kind of magnetic separation is then effected, as the thorium and 
rare-earth minerals are attracted to a slight extent by a magnet. 
The separated material is then shipped to the place of treatment, 
where the thorium is extracted. Since the properties of thorium 
much resemble those of the rare earths, this is a difficult matter. 
The phosphates are first dissolved in hot concentrated sulphuric 
add, the solution is diluted, and insoluble impurities are removed. 
The solution is then cautiously neutralized. Thorium is the inost 
basic of all the metals present, hence practically the whole of it is 
contained in the first fractions of the phosphate precipitate. These 
fractions are then fused with sodium carbonate and extracted with 
water, which dissolves sodium phosphate and leaves the insoluble 
thorium dioxide behind. This residue is again dissolved in sulphuric 
add and the thorium separated by one (or more) of three processes: 

(i) Fractional crystallization of the sulphates. 

(li) Addition of excess of an alkaline carbonate: thorium remains 
in solution as a complex carbonate while the rare earths 
are precipitated. 

(iii) A similar process involving a complex thorium oxalate. 

The thorium is then predpitated asjthe dioxide and converted to 
the tiitrate, Th(NO0) 4.411*0, which is sold to the mantle manu- 
facturers. The residues from these processes, when it is no longer 
pro^tal^ to extract thorium from them, are worked up for cenum 
sometimes for other rare earths. Mesothorium (p. 3 ^?) 
also obtained as a ty-product. Mixed with zinc sulphide it is 
mad on the dials of humnous ckidcs and watches. . 

XoeiQtooenf — ^Before 1885 coal-gas was bumea 

Sfciiout an air-supply at the |et, and the luminosity of the flame, 



GROUP IV 357 

>vcak as it was, was chiefly due to the unsaturated hydrocarbons 
(mostly ethylene) present in the gas. Von Welsbach found that 
a cotton mantle heated by a gas-jet gave out a feeble light which 
was greatly intensified if thorium dioxide had been deposited on 
it. In an effort to secure the best results he purified the thorium 
compound used for this purpose, but discovered that purification 
reduced the intensity of the light. The effect was traced to cerium, 
and von Welsbach's best mixture, which contained 99 per cent 
thorium dioxide and i per cent cerium dioxide, has never been 
improved on, and is still in use on the diminishing number of gas- 
mantles that are consumed every year. 

The fabric of the early mantles was made from cotton or ramie 
fibre, but artificial silk is now largely employed. The mantle is 
soaked in a concentrated solution of thorium nitrate (with i per 
cent cerium nitrate and various strengtheners), wrung out, dried, 
and heated in a gas flame, which converts the nitrates to oxides 
and also causes the mantle to shrink. It is further strengthened 
by soaking in collodion, and is tested in a machine which 
administers up to six hundred shocks a minute to the support. 

Uses ol oeriiim. — ^Von Welsbach also discovered that certain 
alloys of cerium with the rare earths, when struck with hard steel, 
gave off sparks which could be used to light gas or petrol. He sold 
his invention for £ 30 , 000 , and the various alloys, such as * Auer * 
metal, or * Mischmetd,' are used in automatic gas-lighters and in 
cigarette-lighters. The p3a-ophoric properties are improved by the 
addition of some 35 per cent of iron to the alloy, which is made 
by electrolysis of the fused chlorides of the rare-earth metals, and 
in which some two hundred tons of rare-earth oxides are consumed 
per annum. Pyrophoric alloys are also attached to shells to define 
their flight; the friction of the air raises them to incandescence 
soon after leaving the gun. The only other industrial use of 
cerium of any importance is the preparation of electrodes for arc 
lights: the luminosity of carbon electrodes is improved by soaking 
them in a solution of cerium fluoride. 

Cerium and Thorium Compounds. — ^The chemistry of thorium 
is simpler than that of any other element in the fourth group, 
partly because in nearly all its compounds it is quadriv^ent, and 
partly because it is the most metallic member. The oxide is not 
amphoteric and shows slight tendency to complex formation, but 
the thoryl ion ThO**, recalling the zirconyl ion ZrO”, occurs very 
frequently. The quadrivalent compounds of cerium resemble those 
of thorium, but are very much less stable, and cerium is most 
stable in ^ the tervalent condition, as are all other members of 
rare-earth family. The change Ce ^ -j-electron^r^Ce is 
easfly reversil^ and is used in volumetric analysis (see oextc 
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sulphate); in this reaction cerium resembles titanium and is the 
only rare-earth element to display a well-marked valency of four 
As is usual with the rare earths, the trihydroxide is a strong base 
and the - (tervalent) cerous salts are only slightly hydrolysed 
whereas the tetrahydroxide is a weaker base than thorium hydroxide 
and the ceric salts are considerably hydrolysed and have to be kept 
in solution by acids. The ceric ion is yellow, the cerous, ion coloin- 
less. To its rare-earth character cerium owes the poweijlof forming 
a normal carbonate (in which it is tervalent) : this distmguishes it 
from all other members of the subgroup. Metallic ceriW is also 
the softest and most reactive metal of the subgroup and »^as by far 
the lowest melting-point. 

Metallic cerium aM thorium. — Cerium is made by the electrolysis 
of a fused mixture of cerous chloride and fluoride. It is a soft 
grey metal, melting at 635°, which bums in air at 160® with a light 
more intense even than that of magnesium, producing a mixture 
of the oxide and nitride. It liberates hydrogen from dilute acids 
and even from boiling water, and it combines with the halogens 
to form cerous halides. 

The electrolytic method has not been successfully applied to 
thorium, which is made by reducing the tetrachloride with sodium. 
It is an iron-grey powder, melting at about 1730®, which bums in 
air at a red heat. It will dissolve in acids but is unaffected by 
water: heated in nitrogen it produces the nitride, Th3N4, and with the 
halogens thorium tetrahahdes are formed. 

Oiddes and hydrcoideB. — Cerous hydroxide, Ce(OH)3, and ceric 
hydroxide, Ce(OH)4, are precipitated when caustic alkalis are added 
to solutions of cerous and ceric salts: the former is white, the latter 
yellow. Cerous hydroxide is readily oxidized by the air to the 
ceric compound. Both hydroxides are basic and dissolve in acids, 
but not in alkalis, to give colourless or yellow solutions respectively. 

Thorium hydroxide, Th(OH)4, is obtained in a similar way. No 
lower oxide or hydroxide is faiown. It is soluble in acids but not 
in alkalis. The anhydrous oxide ThO* has been used on the 
conunercial scale as a catalyst for gas reactions. 

Both cerium and thorium precipitate peroxides, CeOa.nHp and 
Th03.wH3O, when solutions of their salts are treated with hydrogen 
p^xide. 

— ^Since the oxidation potential of the reaction Ce* 
is miflicient to di^atge all the halide ions except fluorides, the only 
tetrahaHde of cerium is the fluoride CeF4. 

Cerous chloride, CeCl,, is made by heating the oxide in the vapom 
of carbon tetrachloride, and is a colourless solid melting at 850 , 
and i^^ble in water to give a nearly neutral solution. Ceric oxioe 
d^lve m hydrodiloric add only if a redudng agent is present, 
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and ceric chloride is unknown, but ceryl chloride, CeOa..ioH.O 
has been prepared. » ■ * 

Thorium tetrachloride, ThCl4, is prepared from the oxide by the 
methods used for the chlorides of titanium, zirconium, and cerium. 
Thoryl chloride, ThOClj, is an intermediate product of the reaction! 
The tetrachloride is a very hygroscopic solid of high melting-point 
and unmistakably salt-hke characteri it is msoluble in most organic 
solvents and is ionized in water. 

Sulphates.— sulphate, Ce2(S04)3, is obtained by dissolving 
the trihydroxide in sidphuric acid. When ceric oxide is boiled with 
concentrated sulphuric acid a deep yellow powder is obtained — 
ceric sulphate, Ce(S04) a— readily soluble in water. The solution, 
which should contain free sulphuric acid to prevent hydrolysis, is 
deep yellow in colour and is finding an increasing use in volumetric 
analysis: in colourless solutions no indicator is required. The 
solution has an oxidizing potential (+i-6 volts) about equal to 
that of potassium permanganate, and it has the advantages that 
it is stable and that it can be used in dilute (though not in con- 
centrated) hydrochloric acid. Its principal use is in the oxidation 
of ferrous to ferric ions, which gives exact results: 

Ce -j-Fe =Ce -j-Fe . 

Thorium sulphate, Th(S04)3, is prepared from the dioxide and 
sulphuric acid and is very soluble in water. The solution has a 
slight acid reaction from hydrolysis, and if titrated against a strong 
base with phenolphthalein gives an end-point corresponding with 
the formation of thoryl sulphate, Th0S04: 

Th- * +20H'=Th0’’-fH20. 

Nitrates. — Ceric nitrale is unknown ; the cerous compound, 
Ce(N03)j,.6H*0, is obtained from the trihydroxide and nitric acid. 
Thorium nitrate, Th(N04)4.i2H20, is made from the dioxide and 
nitric acid ; thorium comes into commerce in this form. 

The radioactive properties of thorium have been described in 
Chapter X. 


Subgroup B 

Germanium, Tin, and Lead 
Germanium 

Ge«=72*6. Atomic Number, 32 

,OqeiinaiiM 1886 Winkxer analysed a recently discovered 
ttiineral, ar^yrodUe, from Saxony, and was unable to make his 
analysift ccorectly: he found 93 per cent instead of 100 per 
cent. The discrepancy was proved to be due to the pres^ce of 
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a new element which he called germaniumi argyrodite is a double 
sn^hide of germanium and silver, 4AgjS.GeS2. 

In many respects germanium is intermediate between silicon 
and tin, and its properties were found to be in excellent agreement 
with the predictions of Mendeleeff (p. 302). It also has some 
resemblance with arsenic, though its compounds are not toxic. 
It is the first definitely metallic member of the series Gr-Si— Ge— 
Sn — ^Pb, and has a stable valency of four and a less staljble valency 
of two. The bivalent germanous salts are reducing a^nts which 
will bleach litmus and reduce chromates or permanganate^ 

Traces of germanium have been found in many ftubstances 
(including the mineral water at Vichy), but few abundant 4'(>urces are 
known, and the supplies of argyrodite are exhausted; it is therefore 
one of the rarest of the elements. Residues from zinc smelting are 
the chief present source. The recent discovery of the uses of 
germanium in electronic rectifiers and in the so-called transistors 
has much stimulated search for sources and methods of extraction. 

Elemratary gennanium. — Germanium is made by heating the 
dioxide in hydrogen at 900°. So formed it is a light, very brittle 
element, mdting at 958®, and with the diamond crystal structure. 
It does not readily fcsolve in acids (except nitric acid), but will 
liberate hydrogen from fused caustic potash. 

H^dzideeu — Germanium tetrahydride, GeH4, is a gas produced in 
poor 3deld when germanium solutions are reduced with nascent 
hydrogen. It is decomposed into its elements by heat, and re- 
sembles silicon tetrahydride, but is less stable. Compounds GegHg 
and GeaHg, recalling the higher hydrides of silicon, are also Imown. 

OxiAas and hydroxides. — Germanous hydroxide, Ge(OH) a, is pro- 
duced as a yellow solid by the action of water upon germanous 
ddoride. It is said to be amphoteric, and will certainly dissolve in 
adds to give germanous salts, but no convincing evidence has been 
advanced for the existence of germanites. On heating (in nitrogen) 
the hydroxide yields the black monoxide, GeO, wffich is readily 
volatile at 700°, and for this reason is troublesome in reducing the 
<&)xide to tiie metal. . 

Germanic oxide, GeO*, is obtained by heating the lower oxide m 
air, or by the hydrolysis of germanic compounds. It is a white 
powder nearly insoluble in water and is amphoteric, but the acidic 
character predominates. The position of germanium between tin 
and siikon is emphasised by the fact that its dioxide is dimorphous, 
one form bei^ sim&r to cassiterite, SnO^ , and the other to quaru* 
tetrahalides ate volatile covalent compounds, 
aolul&e m mzwdc but hydrolysed by water. The hy<holysi 

i$, however, lncoi^{^te» and me halides are less hydrolysed tnan 
\ ^ofieof silicon. 



GROUP IV 601 

tetfafluofUe^ GeF^, is a colourless fuming gas prepared 
by heating barium fluogermanate, BaGeFe, to 700®, It boils at 
_I5®. Barium fluogermanate is precipitated by adding a barium 
salt to a solution made from germanium dioxide and hydrofluoric acid. 

Gertnanom chloride^ GeClg, resembles stannous chloride, but is a 
stronger reducing agent. 

Germanochloroform, GeHClg, is prepared by passing hydrogen 
chloride over warm germanium. It is a liquid which is hydrolysed 
by water to form germanous hydroxide. 

Sulphides* — Getmanous and gerntanic sulphides can be precipitated 
by hydrogen sulphide from germanous and germanic solutions. 


Tin 

Sn= 118*7. Atomic Number, 50 

BQstory. — If, as has been suggested, the Latin stannum is derived 
from stan, the Phoenician name for tin, the word was wrongly 
applied by the Romans, for their * stannum ' appears to have 
been an alloy. The Latin name for tin was plumbum candidum, 
i.e. ‘ white lead/ and in Roman times the metal is supposed to 
have been shipped from the Scilly Islands and Cornwall by Phoeni- 
cian traders. The apparent similarity between tin and lead was 
the cause of much confusion in ancient times, and it is frequently 
difficult to decide which of the two metals is indicated when the 
single word plumbum is used. 

The use of bronze, which is an alloy of copper and tin, dates from 
prehistoric times, and was well established in ancient Egypt, 
Mesopotamia, India, and China. Its discovery was no doubt 
accidental, due to the smelting of a natural mixture of copper 
and tin ores; but early man soon discovered its composition, md 
tin ore deposits were then systematicadly exploited. The earliest 
definite records of tin-working in England are of the year 1198. 
The tin was smelted twice, once near the tin field, and again — ^for 
refinement — at special places and in the presence of the officers of 
the Stannaries, e.g. at Bodmin, Lostwithiel, Truro, and Tavistock. 

Tjb.e allotropic modification of tin, known as grey tin, was first 
noticed by Aristotle (384-322 b.c.). 

Oocuizeboa. — ^Tin is less abundant than its extensive \xse inight 
lead one to suppose; less abundant, for instance, than titanium. 
TTie only important ore is the dioxide SnO*, which occurs in an 
finpure fotm as cassiterite, tinstone, or black tin, in the Malay .Penin- 
sula, Bolivia^ Mexicx>, and elsewhere. The Malay Peninsula 
accounts for about a third of the world production. Tlie tin mines 

Cornwall have worked for centuries, but are now unimportant. 
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Bitfaetkm.— The ore is crushed, and sand or earthy matter 
retnoved as far as possible by washing. The concentrated ore is 
then roasted, to convert arsenides and sulphides to oxides; the 
arsmic may be condensed from the vapours as arsenious oxide. 
After the roasting the ore is sometimes freed from iron and tungsten 
in a magnetic separator; this avoids losses by alloying at a later 
stage. The ore is then well mixed with anthracite and heated in 
a reverberatory furnace. The molten tin collects at fhe bottom 
and is run off and cast into blocks (‘ block tin *) which^ are about 
99*5 per cent pure. The slags are usually worked upftfor tin in 
blast-furnaces. The metal can be refined by heating it o^ a sloping 
bed, from which the molten metal runs; it is then stfeed wth 
green wood and skimmed. \ 

Large quantities of tin are recovered from tinplate by electrolysis. 
The scrap tinplate is held in a wire basket and made the anode in 
a boiling solution of sodium sulphide, which is strongly alkaline 
by hydrolysis. The tin dissolves and is recovered from the solution 
in a state of purity by electro-deposition on a tin cathode. In an 
alternative method the scrap is exposed to chlorine gas, which 
converts the tin to the volatile stannic chloride. 

Tin is used almost exclusively as the metal or in alloys. On 
account of its resistance to corrosion it is used in the manufacture 
of tinplate articles, which are made of steel dipped in molten tin 
and then pressed between rollers. Tin is malleable enough to be 
pressed into foil, which is used for wrapping cigarettes, confectionery, 
etc, {* silver paper It is the best metd (excluding the platinum 
group or the precious metals) for use in stills for conductivity-water; 
it is quite unaffected by a mixture of air and water, even when the 
latter contains ammonia in solution. 

The alloys of tin are of great commercial importance. Pewter 
contains about 75 per cent tin and 25 per cent lead. Bronze, 
hdl-mM, and gun-metal are alloys of tin and copper in different 
proportions. Tin amalgam is u^ in mirrors. Anong the low- 
mating alloys solder is perhaps the most important ; it may contain 
tin and lead in almost any proportions — ^pure tin, indeed, can be 
used for ^Idering. Most iUoys with low meltmg-points, such 
as those -used in linot5q)e machine contain tin and lead as 
ingredients. , , , 

nopevtte* — ^Tin is a lustrous white metal which is not corroaea 
by air or watar. In hariie^ it is intennediate between lead snd 
ainc. It & ductile, and can be pressed into foil or draivn into wire. 
The crystalline structure can be dmnonstrated by etdiin^ a tin 
efface with a mixtuie of cozmentrated hydrochloric acid 
iSybtine. If a bar of tin is b^t, a faint sound odled * tin cry ^ 
^ Mudb paper' ii now made of atwniidum loii. 
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heard; it is believ^to be due to the rubbing of the tin crystals 
together (but see Nature, 1932, passim). 

It has been nientioned on p. 261 that tin exists in two allotropic 
modifications with a transition-point at 13®. A further allotrooe 
caUedy-tin exists above 161®. Tin melts at 232®. After some horns 
the molten metal becomes coated with a film of oxide, but does not 
bum till heated to 1500® or thereabouts. 

The stan^d electeode potential of tin is —0-14 volt; it dissolves 
fairly readily in acids to fom stannous solutions. With dilute 
hydrochloric and sulphuric acids the action is slow, but rapid with 
the concentrated aci^. With dilute nitric acid the products are 
stannous and ammonium nitrates. With stronger acid the stannous 
nitrate is oxidized to hydrated stannic oxide, and with very con- 
centrated acid a protecting layer of this substance is formed 
immediately and very little action takes place. Tin dissolves 
slowly in boiling solutions of the alkalis, forming stannates and 
liberating hydrogen: 

Sn+20H'-|-H,0=Sn0,*-t-2H, t • 


Tin Cobipounds. — ^Tin has two valencies, two and four, of which 
the latter is rather more stable, as the stannous compounds are 
fairly strong reducing agents, at any rate in solution. This is an 
important difference between tin and lead. While the stannous 
compounds are salt-Uke in character the stannic compounds are 
largely covalent, though in water the hydrated stannic ion can 
exist. The acidity of the amphoteric stannous hydroxide, Sn(OH)„ 
is intermediate iJetween that of the distinctly acidic germanous 
hydroxide and the feeble acidity of plumbous hydroxide, in which 
basic properties predominate. 

Hytrides. — Tin hydride, SnH4, is an unstable gas which can be 
pre^red in poor yield by cathodic reduction of tin solutions. The 
gas is very easily ^sociated. 

OiidM and hydznddes. — Stannous hydroxide, Sn(OH)t, is obtamed 
as a white precipitate by the action of alkalis on stannous solutions. 
If the solution is boiled the hydroxide loses water and is converted 
to black crystalline stannous oxide, SnO, which can also be obtained 
by heating the dry hydroxide in the absence of air. When heat^ 
in air stannous oxide evolves heat and is converted to stannic 
oxide; at a red heat it will i^uce steam. The oxide and hydroxi<te 
are insoluble in water and ammonia solution, but wiB dissolve in 
acids to form stannous salts or in alkalis to form staimitesJ 


Sn0-h20H'=Sn0/-f-HA 

If the allraH is very concentrated a stannate and tin are dowly 

formed; aSn0+20H'«=Sn0a'+Sn 
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As might be expected, the staimites are reducing agents; they are 
known only in solution. The solutions absorb oxygen from the 
air to form stannates : 

2Sn02'' +02=2Sn03'', 

and if they are boiled, tin is precipitated and a stannate remains in 
solution: v 

2 Sn 0 /+H 20 =Sn 03 '^+Sn \ +2OH'. | 

Stannic oxide, SnOg, associated with varying amounts of water, 
is obtained as a white precipitate when stannic solution^\are made 
alkaline, or by their spontaneous hydrolysis : 

Sn““ +2H20^Sn02 1 +4H*, 

or by oxidizing tin with hot concentrated nitric acid. It is also 
precipitated when stannous solutions are exposed to the air: 

2Sn**+2H20+02=2Sn02 j +4H*. 

The anhydrous oxide can be made by burning tin in oxygen or air. 
In the ^ely-divided state it is used for making enamels opaque. 
Ihe anhydrous oxide is insoluble in acids or alkalis, but on fusion 
with caustic alkalis or carbonates yields a soluble stannate : 

Sn02+20H'=Sn03"+H20. 

The product obtained from stannic solutions is more reactive than 
that formed by oxidizing tin with nitric acid, and it was formerly 
considered that ‘stannic acid’ could exist in allotropic forms. 
However, X-ray difcaction has failed to detect any essential 
difference between the products, which are both to be reg^ded as 
hydrated stannic oxide, no doubt with different particle size 
depending on the method of preparation. Stannate solutions are 
hydrolysed: even carbon (hoxide will precipitate stannic oxide 
h^mthem: 

Sn03"-f-2H-=Sn02^ +H2O. 

T^e stannates, which find use as mordants, occur in two series, 
exemplified by the salts KaSn(OH)e and K2Sn03. 

hydrated stannous halides are ionic compounas 
with tedudng properties, the stannic halides are covalent and are 
largdy, if not entirdy, hydrolysed by water. The action of the 
halogen on tin invariably produces the tetrahalide. 

Stawnom chloride, SnQg. — ^Solutions of this compound ^e J 
by ^solvmg tin in hot concentrated hydroddoric acid. H exposea 
*0 the air Ihe solutions absorb oxygen and precipitate staimi 
oxide, and hydroljpis also takes place on evaporation to ’ 
:wiih tli^ fonpation of stannous o 5 dde. To pmvent hydrolysis 
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solution for use in the laboratory as a reducing agent is always kept 
acid. The first product of evaporation is the dihydrate Sna2.2HuO 
which under the name of tin salt is used as a mordant. The anhy- 
drous chloride can be made by heating tin or stannous sulphide in 
hydrogen chloride gas: 

Sn+2HCl=SnCl2+H2. SnS+aHCl^SnCla+H^S. 

The anhydrous salt melts at 245® and boils at 606® (compare the 
covalent tetrachloride), and the vapour density shows evidence 
of slight association. ^ 

Stannous chloride is extensively used as a reducing agent. It 
will reduce chromates to chromic salts and permanganates to 
manganous s^ts. With nitric acid hydroxylamine, NHgOH, can 
be obtained; indeed, this is one of the methods of preparing hydro- 
xylamine, but the conditions must be carefully controlled. Stan- 
nous chloride will precipitate mercury, silver, or gold from solutions 
of their salts (as in the preparation of purple of Cassius), but on 
the other hand can be reduced to metallic tin by such metals as 
zinc, aluminium, or even lead. 

Solutions of stannous chloride for use in volumetric analysis 
must be kept imder hydrogen to prevent atmospheric oxidation: 
for this reason they are not often used. When stannous chloride 
is used as a reducing agent stannic chloride is produced. In the 
presence of a sufficient concentration of hydrochloric acid it will 
remain in solution, but is otherwise hydrolysed and precipitated as 
dioxide or oxychloride. 

Stannic chloride, SnCl^, is prepared by burning tin in chlorine. 
If the metal is findy divided or in the form of foil the action takes 
place spontaneously. It can also be prepared by heating stannic 
oxide in carbon tetrachloride vapour (compare titanium, zirconium, 
etc.). It is a colourless liquid, freezing at —33® and boiling at 
114®. Its volatility, solubility in organic solvents, and negligible 
electrical conductivity all point to a covalent character. On the 
other hand its aqueous solutions contain some chlorine ions, and 
the compound appears to ionize by combination with water: 

SnCU+5Ha0^(Sn.5H20)‘- +4CI'. 

The increase of size by hydration stabilizes the stannic ion (p. ^i). 

The hydrolysis of stannic chloride is slow and reversible: it 3delds 
stannic oxide and hy^ogen chloride: 

SnCl 4 + 2 Ha 0 ^Sn 08 >^ +4HCI. 

The addition of h5?drochloric acid to the solution reduces the 
hydrolysis not only by reason of its acidity but also by forming 
coin|dex ions: 

SnCl^+aO'^SnCV" 
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Ammomum chlorostannate, (NH4),SnCle, was once used as a 
mordant for madder dyes under the name of piftk salt The 
fuming of stannic chloride in moist air is due to hydrolysis. 

Stannous iodide, Snij, is only slightly soluble in water and is 
precipitated as a yellowish-red substance when iodide and stannous 
solutions are mixed. It melts at 3210®. 

Stannic iodide, Snl4, obtained from tin and iodine, whi^h combine 
with vigour, melts at 144® and boils at 340®. It is soluble in organic 
liquids and hydrolysed by water. ^ 

8lil];ili]des**-^/annof^s sulphide, SnS, is a dark browA or black 
precipitate obtained by the action of hydrogen sulphide on stannous 
solutions, or by heating tin and sulphur. ^ 1 

Stannic sulphide, SnSg, cannot be obtained by the action bf sulphur 
on tin, as this reaction produces the stannous compound, but can 
be made by heating a mixture of tin and sulphur with ammonium 
chloride. If heated too strongly it decomposes into stannous 
sulphide and sulphur. It is a bright yellow compoimd, formerly 
much used in the preparation of gold paint under the name of 
‘ mosaic gold.' It can be sublimed without decomposition. 

Thiostaiinirfes. — When stannous sulphide is treated with a con- 
centrated sulphide solution it dissolves to form a thiostannate, and 
tin remains. This may be compared with the action of concentrated 
alkalis on stannous oxide: 

2SnS-hS"'=SnS,''+Sn 4 . 

2Sn0+20H'=Sn03*'+Sn 4 +H2O. 

Stannous sulphide is completely soluble in ammonium polysulphide, 
with which it forms a thiostannate and other products: 

SnS+S2"=SnS3\ 

The same substance is produced when stannic sulphide dissolves 
in sulphide solutions: SnS,+S*=SnS/ 

The solubility of stannous sulphide in polysulphide solutions is 
the basis o^.cme method of separating tin irom related elements. 
Stannic sulphide is repredpitated from thiostannate solutions by 
4he addition of adds: 

SnS,'+2H=SnS, r +H,S f . 

iaHhatw . — Stiamom stdphaU, SnSQ., is obtained in solution by 
dissolving tin or staimous hydroxide in su^uric add, and in the 
state by evaixnsdng the solution tmdsr ledooed pressure. 
Kdatkm is bymrolysed, and ratdify depodts basic salts. 

S&MfHc stdpheie is not known in the free state. Certain b;ydrat^ 
fonns.of stannic oxide can be made to dissdve in solphuiic 
and by evaporation of the sdution the difaydrate Sh(S04),.2H,ti, 
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or perhaps Hj[SnO. (804)2], is obtained. It is soluble in water, but 
the solutioiB soon deposit stannic oxide. 

Nitrat68*-^Ndther stannous nor stannic nitrate can be obtained 
free from water of crystalHzation. If the hydrates axe heated, 
hydrolysis takes place and oxides of nitrogen are evolved. 


Lead 

Pb=207'2i. Atomic Number, 82 

History. — Lead has been known from very early times, and was 
called plumbum nigrum by the Romans to distinguish it from 
plumbum candidum, tin. The lead mines of Britain were worked 
as early as the first century a.d., and lead coffins of Saxon age have 
been discovered. Among the alchemists, lead was regarded as 
an imperfect metal — composed of an earthy sulphur and an un- 
digested mercury — and was known as Saturn, on account of its 
supposed sympathy with the qualities of the celestial Saturn. 

Occurrence. — ^Though not abundant, lead occurs in many different 
parts of the world, chiefly as galena, an impure form of lead sulphide, 
PbS, though sometimes as the oxide or carbonate. It is often 
associated with silver, and silver is recovered from lead residues 
(p. 468). 

The United States, Mexico, and Spain are, in that order, the 
world*s principal producers of lead. Many mines previously 
worked in England and Wales have long been abandoned, and the 
disused workings are familiar features of the countryside in parts 
of Yorkshire and other counties of the north and west. 

Extraction.— Galena is roasted until the lead sulphide has all 
been converted to lead oxide or lead sulphate. The resulting 
mixture is then heated with more galena in a restricted supply 
of air, and sulphur dioxide is given off, leaving lead, which collects 
at the bottom of the furnace in the molten state and is run off: 

PbS+2Pb0=:3Pb+S02 1 and PbS+PbS04=2Pb+2S02 f. 

In a modification of the process, the roasting of the galena is made 
to ^eld principally the oxide,- which is then reduced with coal : the 
slag from the mrst process is sometimes treated in this way. 

Prcpcrtiai.— Lead is a bluish-grey metal, lustrous when freshly 
cut, but rapidly tarnishing in the air. When quite pure it has no 
bluish tinge, and lea d which has been distilled in a vacuum keeps 
ifs lu^^ie indefinitely as long as air^ is. not adnutted. - It is the 
densest the metals, and has a comparatively low meltiag- 

point (327^* not so low; however,. as that of tin. It boib at ^ut 
^550^' It is soft and malleable, and can be rolled into thin fleets 
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(lead fail) or squirted into jpiping. It can easily be obtained in 
the form of large crystals by electro-deposition or by slow cooling 
of the liquid. Lead will mark paper; ‘lead' pencils, however 
contain not lead but graphite. 

Owing to the ease with which thick sheets of lead can be mani- 
pulated they are much used in roofing and in making cisterns and 
rain-water pipes. Lead is only superficially oxidized by air and 
water, but drinking-water must not be carried in lead ]|ipes if it is 
below a certain degree of hardness, as it may then dissolvA dangerous 
quantities of the metal. Lead is also used in sulphurio acid con- 
tainers and in accumulators. The alloys of lead inclitijie solder, 
pewter, and the various type-metals; bullets are mad^from an 
alloy of lead and nickel. Lead oxide and lead carbonate .are used 
in paints<i#nd glazes, and lead tetraethyl, Pb(C2H5)4, is added to 
petrol as an ‘ anti-knock.* 

Lead Compounds. — ^Lead, like tin, has valencies of two and four, 
but in its bivalent compounds it is electrovalent, in its quadrivalent 
compounds usually covalent; there is no quadrivalent lead ion. 
Plumbous hydroxide is a stronger base than stannous hydroxide 
and a weaker acid, nevertheless solutions of lead salts have a feebly 
acid reaction from hydrolysis. The bivalent compounds, of lead 
have no reducmg properties. Lead also differs from tin in the 
insolubility of its halides and sulphate (but see stannous iodide), 
and in b^g rather more electropositive. It will displace tin from 
its solutions. The oxides of tin and lead are also very different, 
and lead dioxide is the least stable of the dioxides of all the Group IV 
elements; it is a strong oxidizing agent. 

Lead compounds are poisonous, and when taken in minute doses 
remain in the body; lead is therefore a cumulative poison. Workers 
in lead mines and in factories where lead is used have in the past, 
and even in the present day, suffered much from lead-poisoning, 
but the prevalence of poisoning is now much reduced by the use of 
dust-collectors: For centuries lead oxide was used to remove the 
acidity of wine which had become sour, until m the seventeenth 
century the danger of the practice was recognized. Mellor tells 
us that a cabman wtose first glass of beer every morning at a public- 
house waa drawn from that which had been standing in lead pipes 
overnight finally suffered from lead colic. 

L^ is probably the only dement, other than hydrogen, whose 

isotopes aieknown to l«pail 4 any segregated in nature {p. 318). 

Lend combines with the halog^is fcss readily than does tin, ana 
is ilw cemverted to Wvalent aHxpoands. It is scarcely a®®”” 
Ip b^lnixocMocic or snlidnirk adds in the odd, bat «aauy 
ledOBe hot omicentcatra st^haric add to salphar dioxide. 1 
aim diasolyes readfty in hot dihite natne ad4> yidding oxides 
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nitrogen, nitrogen, and sometimes ammonium nitrate. With 
concentrated aad the action is less rapid, as a film of lead nitrate 
insoluble in concentrated nitric acid, protects the metal from attack! 

Lead hydride, PbH4, has been obtained in minute yield by an 
electrolytic reduction process. It is a very unstable gas (b.p. —13®). 

Oxides and hydroxides. — Lead monoxide, litharge, PbO. When 
an alkali is added to solutions of lead salts, white lead hydroxide 
Pb(OH)2, associated with varying amounts of water, is precipitated; 
on boiling the solution it loses water and is converted to the yel- 
lowish-red substance litharge, PbO. The oxide can also be made 
by the slow atmospheric oxidation of molten lead, or by heating 
lead nitrate: 


2Pb(N03)2-2Pb0+2N204 1 -f O 2 1 . 

It is practically insoluble in water, but when moist has an alkaline 
reaction to litmus. It is readily soluble in acids, forming lead 
salts, and is also soluble in hot alkaline solutions in which plumbites 
might be supposed to exist: 


PbO -I-2OH' =Pb02'' +H2O. 

Although their existence in solution has commonly been assumed, 
it is remarkable that no examples of salts of supposed stannous or 
plumbous acids have yet been isolated. Formulae assigned to them 
are therefore speculative. 

Lead sesquioxide, Pb203.3H20, is precipitated from solutions of 
lead salts by solutions of hypochlorites: 


2Pb •+ 40 H'+C 10 '=Pb 203 1 +CV+ 2 Kfi. 


It is a yellow substance which in its behaviour with acids resembles 
a mixture of the monoxide and dioxide. 

Triplumbic teiroxide, red lead, Pb804, is obtained by heating 
litharge in the air above 400®, though the product of this process 
may not have the exact composition indicated by the foimida. 
It is a bright red substance which occurs native in small quantities, 
and has long been used as a pigment. X-ray analysis proves it to 
be an association of PbO sind PbOe* It darkens on heating but 
regains its colour on cooling. 

Lead dioxide, lead peroxide, Pb02, is obtained from red lead and 
nitric acid {P^04+4H’=2Pb^+Pb0*| or by the action 

of hydrogen peroxide on alkaline lead solutions, or by oxidizing with 
a halogen htiharge suspended in dilute alkali. It can easily 
prepared quantitatively by anodic oxidation of lead solutions. It is 
bla^ or brown in colour and is insoluble in water. 

It is a powerful oxidizing agent and is easily reduce by hymo^n 
on gii^e hwting, fii:st to litharge and then to lead. On heating 
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with hydrogen chloride, in the free state or in solution, chlorine, 
plumbous chloride, and water are {nroduced: with hot concentrated 
sul|dmric acid, plumbous sulphate and oxygen. Lead dioxide 
reacts with easily oxidizable substances like sulphur, phosphorus, 
or sc^ar with incandescence or explosion. 

Lead dioxide may be regarded as the anhydride of orthoplumbic 
add, H,Pb(OH)*. It is only slightly soluble in alkaline sAutions, but 
when fused with caustic potash forms a plumbate solul^e in water, 

Pb 0 j+ 2 K 0 H=K,Pb 0 *+H* 0 . \ 

On dissolving the plumbate in concentrated alkali, and cl^tallizing 
by careful evaporation, the salt KjPb(OH)g is obtaii^'^d, which 
at 110° reverts by the loss of water to the anhydro^plumbate 
KgPbO* {cf. p. 604). The plumbates readily deposit lead dioxide 
formed by hydrol3rsis, and on heating lose oxygen. 

The use of lead dioxide in accumulators has already been 
described (p. 269). 

Lead carbonate PbCOg, occurs in nature as lead-spar or cerussiie. 
Sodium carbonate predpitates a basic carbonate, white lead, 
2PbCOj.PbO.HjO, from lead solutions, and to obtain the normal 
carbonate a less alkaline solution must be used; a solution of 
sodium bicarbonate is suitable: 

Pb* -l-aHCOj'^PbCOji +HjO+COj. 

White lead is of great commercial importance and when ground 
up with oil is used as a paint. The object of the various processes 
for making it is to reduce the size of the partides as much as 
possible. Metallic lead is exposed to the action of aretic acid 
vapour and carbon dioxide. The function of the acetic add is 
probably to get the lead into solution without decomposing the 
bade carlx>nate. In the modem diamber process the lead u 
suspended in sheets from the ceiling of a ch^ber, kept at 70°, 
into which &e mixed gases are admitted. After two months 
the wl»le of the metal has been converted to white lead. A better- 
quality white lead is made the long-established Dutch ptrocess. 
A fittfe dflitte acetic add is placed in earthenware pots, which we 
covered with perforated lead sheets and piled in stacks with decaying 
tan between them. The fermentatim of the tan produces heat 
and cathKxn dfoaide, and after three or four months the process b 
camtdete. The prt^uct of either process is crushed and ground. 
Electrolytic jnooesses are also used. 

White lead paint has two serious defects: it is -poisonous, and ui 
the air of towns, which contains hydrogen sulphide, it blackens 
owing to the formatkm of black lead sulphide. 

-Jbwte. — ^Lead forms stahte bivalent halides whidi are oromaty 
asitta. ' Th^r are only sparingly soluble in water, and are much toot 
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soluble in hot water than in cold. Lead tetrachloride, an unstable 
yellow liquid, is the only certainly known tetrahalide of lead. The 
tetrabromide and tetraiodide could not exist, owing to the high 
oxidizing potentid of quadrivalent lead (Pb*+/Pb2+=ca.— 17 v.). 

plumbous fluoride t PbFj, is obtained as a colourless precipitate 
from a lead solution and a soluble fluoride. 

Plumbic fluoride f PbF4, has not been isolated, but the yellow anion 
PbFe'" can be obtained in solution by the action of very concentrated 
hydrofluoric acid on lead dioxide: 

PbOa +6HF^PbF/ +2H2O +2H‘. 

The action is reversible, and on adding water to the solution the 
dioxide is precipitated. By dissolving sodium plumbate, NaaPbOj, 
in hydrofluoric acid a stable sodium fluoplumbate, NagPbF^, can 
be obtained: compare the analogous compounds of silicon, titanium, 
and tin. 

PbOg" +6HF=PbF/ +3H2O. 


Compounds of quadrivalent lead appear to be stabilized when the 
lead can complete a covalency of six. 

Plumbous chloride, PbCla, is obtained from hydrochloric acid and 
the oxide or carbonate, or by precipitating a lead solution with a 
soluble chloride. It is a colourless compound and can be recrystal- 
lized from boiling water. One hundred grams of water dissolve 
3*3 grams at 100® and 07 gram at o®. 

Plumbic chloride, PbCl4, is best prepared from the stable salt 
ammonium chloroplumbate, (NH4)2PbCle, which is obtained as a 
yellow precipitate oy adding ammonium chloride to a cold solution 
of lead dioxide in concentrated hydrochloric add: 


Pb02+4H>6Cr=PbCle"+2H20. 

When the ammonium salt is treated with well-cooled concentrated 
sulphuric acid, lead tetrachloride separates as a yellow oily liquid 
freezing at —15®: 

PbCle-'+2H*=PbCl4+2HCl f- 

It is a non-conductor of electricity, is soluble in organic liquids, and 
is hydrolysed by water to form lead dioxide and hydrochloric acid: 

PbCl 4 + 2 H 20 =Pb 02 + 4 Ha 

It readily Recomposes into plumbous chloride and chlorine. ^ 

bromide^ PbEr,, is obtained as a white precipitate by 
adding a soluble btomide to a lead solution. It is approxunately 
fits soluble as the chloride in cold water, but the solubility has a 
titttetatuj^ , , , , , 

Phmbom iodide, Pbl*, differs from the other plumbous halides 
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in being bright yellow in colour and in being less soluble in water- 
it is prepar^ by similar methods. 

n^bou nWtote, PbS04, is a white substance almost insoluble 
in wato-. It occurs native as mglesite in Anglesey and elsewhere, 
having been produced by the oxidation of galena, PbS. It is 
prepared by the action of hot concentrated sulphuric acid on lead: 

Pb-f-2H,S04=PbS04 \ +SO, t +2H*0. I 


or, together with lead sulphide, by the action of sulphur wioxide on 
molten lead : 

2Pb+2S0j=PbS04-fPbS, 5 


or by precipitating a lead solution with dilute sulphuric Wd. It 
has been used as a paint, as it is neither so poisonous as w^te lead, 
nor so readily blackened by hydrogen sulphide. 

PUtmUc sulphate, Pb(S04)j, is an unstable substance which has 
been prepared by anodic oxidation. It is hydrolysed by water. 

PUttnbous sulphide, PbS, occurs native as galena, and is preci- 
pitated as a brownish-blaclc substance by hydrogen sulphide from 
lead solutions, but when prepared from lead and sulphur is grey. 
Its reactions with lead oxide and lead sulphate have already been 
described. 

Lead nitrate, Pb(NO,)4, is the commonest soluble salt of lead. 
It is prepared from nitric add and lead, lead oxide, or lead carbonate, 
and is a colourless compound very soluble in water. Its 
decomposition by heating has already been described. 

Lead chromate, PbCr04, is a yellow precipitate obtained from 
chromate solutions and lead solutions. It is used as a pigment 
(‘ chrome yellow ’). 

Lead acetate, Pb(CH,.C00)|.3H20, is obtained from litharge and 
excess of acetic acid ; from its sweet taste it is called ' sugar of 
lead,' Its solutions contain complex ions, probably of chelate 
structure, and. all the slightly soluble compounds of lead are more 
soluble in acetate solutions than in pure water. 

In the majority of its covalent compounds lead is quadrivalent; 
we may mention the tetra-acOate, Pb(CH4.COO)4, and lead tetraethyl, 
Pb(C,H*)4. 

Lead Ustra-acetate, Pb(CHjCOj)4, is obtained as colourless ctystap 
by treating well-dried ‘ red lead,’ Pbs04, with anhydrous acetic acid 
at 6o®. TTie compound is instantly hydrolysed by water to lead 
dioxide. Its solut^ty in organic solvents (benzene, chloroform) 
indbdes that it is covalent Some use is made pf the compound as 
^ W ooddizii^ agent in organic dieniistry . 



CHAPTER XIX 
GROUP V 


[nitrogen], phosphorus, arsenic, antimony, bismuth, 

VANADIUM, NIOBIUM, TANTALUM 

V— Nb-Ta 

[N]-P< 

\As— Sb— Bi 

In Groups V, VI, and VII the typical elements quite definitely 
resemble the B subgroup, while the metals of the A subgroups can 
be compared among themselves: they form the transition elements 
in the wider sense of the term. 

Some of the properties of Group V elements are tabulated below: 



Typical 

Subgroup B 

Subgroup A 


N 

P 

As 

Sb 

Bi 

V 

Nb 

Ta 

Atomic Number 

7 

15 

33 

51 

83 

23 

41 

73 

Atomic Weight 

14*008 

30^75 

74*91 

121*76 

209*0 

50-95 

92*9 

i 8 o *9 

Density 

(at B.P. 
o*8i) 

(a) 1*84 

5*7 

6*7 

9*8 

6 

7*3 

1 6*6 

Atomic Volume 

(17-3) 

i 6*9 

13*2 

i 8*2 

21*4 

8-5 

12*7 

1 10*9 

Melting'-point 

—210® 


sublimes 
at 620® 

630® 

271® 

1720® 

1950° 

3027® 


The Group V Elements 


The elements from nitrogen to bismuth form a well-defined 
series in which a gradual change of properties is noticeable. Some 
of the more obvious variations may be mentioned. 

The two end elements do not display allotropy, unless active 
nitrogen be included as an allotrope, but the middle elements do. 
The colourless or yellow form has a lower melting-point than the 
other allotropes and is less dense; it has a non-metalhc appearance 
and will dissolve in carbon disulphide, whereas the behaviour of 
the metallic form is precisely the opposite. The stability of the 
non-metallic as compared with the metallic form decreases from 
phosphorus to bismuth. 

As we pass from nitrogen, a typical non-metal, to bismuth, an 
element wMdi is more metallic than otherwise, a gradual change 
is noticeable between these limits. Nitrogen, and to a less d^iiee 
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phosj^orus, are the only elements of the group whose hydrides are 
sufficiently stable to fonn bases. All the hydrides of the group 
bdong to the non-metallic type (p. 363), and it is only to be expected 
that their stability should decrease together with the non-metallic 
character of the elements. Ammonia is a stable substance, phos- 
phine is decom|wsed by heating, and the remaining hydrides 
decompose with increasing readiness in the cold. 1 
The change in the metallic character of the elemei|t may be 
brought out by considering the oxides and the chlorides. The 
oxides of nitrogen and phosphorus are acidic, those ^f arsenic 
and antimony are amphoteric, and bismuth oxides are 'predomi- 
nantly basic, while the increase in basic character is las usual 
accompanied by a decrease in volatility. The melting-points of 
the trioxides (or sesquioxides) and trichlorides are shown in the 
table: 



N 

P 

As 

Sb 

Bt 

Sesquioxide 

-85° 

23° 

275^-315*’ 

660° 

817 

Trichloride 

? 


~i6° 

73 “ 

233“ 


Melting-Points of Trioxides and Trichlorides of some 
Group V Elements 


Evidences of saline character begin with arsenic chloride, which is 
stable in solution in concentrated hydrochloric acid. There is some 
evidence that the ion As’*’ may exist in small concentration in such 
solutions, whereas nitrogen and phosphorus are incapable of 
farming cations. The first product of the hydrolysis of the tri- 
chlorides of antimony and bismuth is not the hydroxide, but the 
oxycMoride SbOCl or BiOCl. Bismuth oxychloride is unaffected 
by boiling water, but antimony oxychloride can suffer further 
hydrolysis. 

The valency shells of the atoms of these elements contain five 
electrons, but they all have the power of forming stable compounds 
in wWdi they ire t^valent. In these compounds the two unshared 
de^rons may either exist as a lone pair, as in ammonia, or they 
may he altp^jether inert, as they appear to be in bismuth, which 
scarcdy forms quinquevalent compounds. The covalency maximum 
of nitrog^is four* and the lone pair in its tervalent compounds gives 
them powerful donor fwoperties (see ammcmia). The tervalent com- 
fowum of phosphorus are also unmistakable donors, md phosphme 
lesemMes amsnonia in its power of forming phosphonium haUdes. 

r6$emblaiioe between Subgroup A, whidi consfets oi 
.^nintion elements, and the rest of the group is in the qumque- 
vakfji compounds, and the properties of these substances (e;g- 
vanadates) arc somewhat modified by the numerous lower 
possS^le ior the Subgroup A elements but not for the others, ^ 
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that the quinquevalent compounds of Subgroup A are oxidizing 
agents. As usual, throughout the group the fluorides more than 
any other compound display the elements in their maximum 
valency, and they all, except nitrogen, form pentafluorides. The 
Subgroup A elements axe aU typical metals with high melting-points 
and typical transitional properties, and in the elementary state or in 
their compounds of lower valency they bear not the slightest resemb- 
lance to the other elements of Group V, 


Phosphorus 

F =30*975. Atomic Number, 15 

History.— In 1677 ^ bailiff named Baldwin, in Saxony, had 
prepared a substance (impure barium sulphide) which, after 
exposure to sunlight, shone in the dark; it was therefore called 
Baldwin’s ' phosphorus.* About the same time (1669) an alchemist 
of Hamburg, named Brand, prepared a substance (the modem 
yellow phosphorus) with simUar properties but possessing the 
additional merit of shining in the dark without previous exposure 
to sunlight. His method was to distil a mixture of concentrated 
and fermented urine with sand, when the phosphorus was obtained, 
as a blackish solid. Kunckel, a German chemist of note, after 
vainly trying to purchase the secret from Brand (who had already 
sold it to an adventurer named Krafft), hit upon the same method 
of preparation independently in 1678. Krafft exhibited the 
element in England, where it excited the curiosity of chemists, 
and Boyle (1680) made a third independent discovery of its ex- 
traction from urine. Boyle published the details of his process 
and hence for many years phosphorus was known as * English 
phosphorus.’ 

In 1769-70, Gahn showed that phosphorus is present in ^nes, 
an observation confirmed by Scheele in i 77 ^> devised a 

method of preparing it from bone-ash. Lavoisier (1772)# from a 
study of its behaviour on combustion, concluded that it was an 
elem^t. 

Occunraoe Xbdzaotioii. — Phosphoms is an abundant element 

and almost invariably occurs as a phosphate; phosphates are very 
widely distributed over the earth. The element in one form or 
another appears to be essential to the life of animals and plants, 
and some lour or five pounds of calcium phosphate, Ca0{PO4)^ 
are coutluu6d in the skeleton of a grown man. Guano, the dried 
^mr^ent of sea*^birds, contains a considerable prowition of 
pho^i^ate^ drived from the fish on which these birds feed. Hie 
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cOTEvteion of c^nm phosphate into the so-ealJed calcium «!«na 
gK^ate, to be used as a fertilizer, is now an importanthdu^' 

Until the begging of the present cfentuiy, the phosphorus of 
comm^ ^ obtamed from the calcium phoq)hate contai^ 2 
bone-a^, wluch, after conversion to calcium hydrogen phos^^ 
with sulphunc and. was ignited till the metaphosphate femaffi 

CaH,(P04)j=Ca(P0,)s+2H,0t. , 

This substance was then distilled with charcoal: \ 

3Ca(POs)2-l-ioC=Ca3(P04)j-f-P^ f -f-ioCO f , i 

and the phosphorus was con- 
densed under water. The 
process is very wasteful, and 
since the development of the 
electric furnace is of smaH 
commercial importance. 

The arrangement of a phos- 
phorus furnace can be seen 
from the diagram. The 
charge consists of phosphorite 
(impure calcium phosphate) 
mixed with coke and san d, 
added to secure a liquid slag. 
It is admitted at C, and 
current is passed between 
the electrodes AA, thus pro- 
viding sufficient heat for the 
reaction: 

2Ca,(P04)j-|-ioC-f 6SiO*=P4 1 4 -ioCO f -f-bCaSiOj. 

op^tion the slag is run out at D. The phosphorus 
fa^are cond^ under water, and in one modification of the 
proc^ Ae whole plant IS filled with coal-gas or carbon monoxide 
during tlw oi^faon. Nme kilowatt-houis are required per kilo- 
^^os^OTUs. The carbon monoxide produced in phosphorus 
DMmufec^ IS us^ to make hydrogen- from steam, and in the 
^hawth procras hydrogen is produced from phosphorus vapour 

and steam on the surface of a catals^t: 

aP-f8H20=aH,P0,-|.5H,. 

«,aimi®a is used instead of quartz in the phosphotus furnace, the 
slag can be used as cement. 

phoqdiorus is betwe^ thirty and 



Fio. 128. Phosphorus Furhace 
(Diacrahmatic) 
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Bie Pliosidionts. — Phosphoms prepami by the 

modem electric process is nearly 100 per cent pure, but may 
contain traces of arsenic. It can be obtained perfectly pure bv 
distilling the commercial product in steam in an apparatus from 
which the air has been driven by a current of carbon dioxide, 
which should be kept up during the distillation. Phosphorus 
spontaneously oxidizes in the air, and must therefore be kept 
under water. 

The element exists in three principal forms, colourless (* yellow '), 
red and black, and as there are two modihcations of colourless 
phosphorus, distinguished by the letters a- and the total number 
of allotropes is four. Many other varieties have been reported, 
but they are mostly distin^shed from red phosphorus only by a 
difference in the state of division or by the presence of impurities. A 
fifth variety, Hittorf's violet or ‘metallic' phosphorus, is con- 
sidered by some to consist of coarse grains of red phosphorus, 
while others are of the opinion — ^and this is perhaps the likelier 
view — that violet phosphorus is a true allotrope and red 
phosphorus merely a solid solution of the colourless and violet 
forms in equilibrium. 

Colourless phosphorus, the form commonly met with in the 
laboratory, is a solid of density 1*84, melting at 44® and boiling at 
287®. It darkens on exposure to light, and unless prepared in a 
darkened room has a distinct yellow colour which gives it its usual 
name of ‘ yellow phosphorus.' This yellow colour can be removed 
by oxidizing agents such as dilute chlorine water. The ordinary 
or a-form of colourless phosphorus crystallizes in the cubic system, 
but in 1914 Bridgman noticed that if it was cooled to a very low 
temperature and allowed to grow warmer a definite irregularity 
occurred in the heating curve at —77®. The variety stable below 
this temperature is called the j3-form: it can be produced from the 
a-form at ordinary temperatures by the application of pressure — 
about II metric tons per sq. cm. at 60®. 

Colourless phosphorus is insoluble in water, but it will dissolve 
in about four parts by weight of carbon disulphide, and solutions in 
benzene, chloroform, and other organic solvents can also be prepared, 
as well as in the liquid compound phosphorus tribromide* The 
solutions in organic solvents do not conduct electricity, and the 
phosphorus is in th^ form of P4 molecules. 

though formerly described as amorphous, is a mass 
of rhombohedral crystals. It is soluble in alcoholic potash, but 
not in the organic solvents that dissolve the yellow vari^y. Its 
phjsicad plnoperties, among them the colour, heat of combustion, 
gravity (2^05 to 2*39), and melting-point (under 
*iWd m the method and temperature of its preparation, and 
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many substances have been reported as allotropes which differ 
from it only in physical properties. 

At ordinary temperatures colourless pho^horus has a higher 
vapour pressure than red phosphorus and is consequently iinc tq] i^]g 
The rate of transformation is negligible, but it increases on heatbg 
and is also ao^erated by light, pressure, or the dectric discharge] 
or such catalysts as iodine or selenium. It proceeds sdjj^tWy at 
250* in the absence of catal37sts, and is carried out at thMtempera- 
ture on an industrial scale. Any unchanged residua can be 
removed from the product by boiling with aqueous cau^ic soda, 
which reacts with colourless but not with red phosphoi^ (see 
phosphine, p. 620). 

There is no transition-point between colourless and red pho^horus 
at atoospheric pressure, because the red variety volatilizes without 
melting: colourless phosphorus is formed by condensation of the 
vapour. The change readily takes place at 350®. From the 
curves coimecting vapour pressure with temperature it appears 
that ^ and colourless phosphorus would be in equilibrium with 
the liquid at 43 atmospheres and 590* (the triple point). No 
difference can be detected in the vapour from the various allotropes, 
which all have a density corresponding with a molecule P4. The 
heat of combustion of colourless phosphorus is rather higher than 
t^t of the red form, so that heat will ^ evolved in the transforma- 
ticMi of yellow to red, and the stability of the red form diminish 
with rising temperature, as the facts show. 

Hittorf's * metallic ' or viM phosphorus, a form very similar to 
the red variety, is prepared by cooling a solution of phosphorus in 
molten lead which has been maintained for a day or two at 800°, 
and removing the lead from the violet rhombohedial crystab. This 
variety differs from red phosphorus only in the melting-point 
(620®-^5®) and in the development and size of the crystals, and is 
believed to consist of red phosphorus in a coarsely-grained condition. 
Wh«a a solution of colourless phosphorus in the tribromide is kept 
at a third red variety, S^mNCK's scoria phosphorus, is slowly 
precipitated. As mi^t be expected from its method of preparation, 
St is red phosphorus in a fine state of subdivision. Colloidal 
.a(ffutimi3 <n both ted and colourl^ iho^horus can be prepared. 
< . By a^dying a presnw of I2 metric toos per sq. cm. to colourless 
phoqihorus at 200® Bridgman was abfe to prepare a new allotrope 
<lmown as Uuik ptmphorm, with a density of 2*69. It is othmrise 
very hke the red variety, but is a better omductor of heat and 

; Qnial ft i» p e r tiaa. - ---H>osphQras is a reactive elemmt which 
Ibows a pronounced tendeiKy to unite with atmosfdieric oxygen, 
’im the open air the spontaneous oxidadon of the cofoariess variety 
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of the element raises its temperature until it bursts into flamA 
The ignition temp^ture is low, and it is unsafe to hold phosphorus 
in the fingers, while in the presence of finely-divided and easily 
oxidizable substances, such as charcoal, phosphorus may ignite 
at room temperature. In a well-known experiment a filter-paper 
is impregnated with a solution of phosphorus in carbon disulphide 
The solvent quickly evaporates and leaves the phosphorus in a 
very finely-divided condition. The filter-paper first emits fumes 
of oxide and then takes fire. 

It has been known for centuries that the spontaneous oxidation 
of phosphorus is attended by luminosity, but in spite of laborious 
research the phenomenon is still only incompletely understood. 
The most remarkable feature of the luminosity is the effect of 
pressure, for it is found that reducing the pressure increases the 
glow, whereas the contrary might have been expected. The glow 
wiU not take place in neutral gases or in high vacua, and is therefore 
closely connected with the oxidation process; it is not greatly 
affected by oxygen pressure within the limits 100-500 mm. of mer- 
cury, but is much reduced by smaller or greater pressures. Intensive 
dr3dng reduces the glow without altogether arresting it, but the 
glow can be poisoned by the addition of very small quantities of 
various vapours, e.g. that of turpentine. The glow is accompanied 
by the production of ozone and by the ionization of the surrounding 
air or oxygen, which will discharge an electroscope. Very small 
quantities of phosphorus are sufficient to produce these effects. 
Thus, if water containing a very little phosphorus is boiled, the 
vapour is easily visible in the dark (this is Mitscherlich's test 
fo^hosphorus). 

The free combustion of phosphorus in a plentiful supply of air 
or oxygen produces white clouds of the pentoxide, but if the supply 
of air is restricted lower oxides are also produced. Phosphorus 
will not combine directly with gaseous hydrogen, and is scarcely 
afifectai by cold water, in which it is almost insoluble, though 
the water under which phosphorus is preserved always has a dis- 
agreeable smell of phosphine. Phosphorus reacts violently ydth 
afi" the halogens at room temperature. It is very easily oxidized, 
and oxidation sometimes takes place with explosive violence, 
e.g. the reaction with potassium chlorate. In the presence of 
water the oxidation of phosphorus produces phosphoric ^d. 
PhosphorOs wfll also combine with many metals forming phosphides, 
and with sulphur to form sulphides of phosphonis. Colourlc^ 
photohonis, but not the variety, dissolves in aqueo^ alkam, 
forming i^hosphine and other substances. It is not affected^ by 
acids as siandh, but various reactions may take place on h^t™: 
thus hot concentrated j^phuric acid is reduced to sulphur dioxide. 
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F%o^honis is sometimes used in the laboratory as a reducing 
agent; thus Faraday used it to prepare colloidal solutions of gold 
from gold salts. It will also precipitate copper and ^ver from 
solutions of their salts, and a stii± of phosphorus immersed in a solu- 
tion of copper sulphate becomes red from a coating of the metal; 
but other substances are produced as well. 

Although phosphorus in the form of phosphates is es^tial to 
life, yet the element itself, in the colourless form at leas& is very 
poisonous. Colourless phosphorus was formerly used in tm manu- 
facture of matches, and the health of the workmen suffered^verely 
from the phosphorus vapour in the air, until the manufacture of 
these matches was made illegal. The red form which'is nOVr used 
is harmless. \ 

The addition of copper phosphide to certain alloys increases 
their strength: the best-known phosphorus-containing aUo5rs are 
the phosphor bronzes. The most important use of phosphorus is, 
however, the manufacture of matches. The modem safety-match 
is an aspen stick tipped with a mixture of sulphur and potassium 
chlorate, and is ignited by rubbing on a surface coated with red 
phosphorus and antimony sulphide. Other matches are tipped 
with a mixture of the sulphides of phosphorus, chiefly P^Sj, with 
potassium chlorate. 

Phosphorus Hydrides.— The principal hydride of phosphorus 
has the formula PH„ and is called phosphine. It is most easily 
prqiared by boiling colourless phosphorus with aqueous alkali in 
an apparatus from which the air has been excluded. The gas thus 
obtained is spontaneously inflammable in air, but the inflammability 
cjm .be destroyed by passing it through concentrated sulphuric 
acid or by other methods, and is due to t& presence of certain other 
hydrides of jflrosphorus. The product of tl^ process also contains 
at least 50 per cent of hydrogen. An approximate equation is: 

4P-h50H'-h3H,0=PH, f -J-aH* f -f H^,'-f 2HPO/. 

Pure phosphine can be obtained by the action of water on 
pho^onium iodide: pjj | q-HI • 

a little alkaU- is added to the water to retain the hydrogen iodide. 

Phoqflnne is a colourless gas with a disgusting smell; perhaps the 
liastiest of all inorganic odours. It can be condeuised to a liquid 
.at —*87® and to a solid at — 133®. It is slightly soluble in water, but 
solotion is unstable and yields bydrc^n and phosphoric acid. 
Ptoe i^icsphme is not spontaneously inflammable in air, but it 
'iday %Qite or exfflode smen miimi} with oxyg«i, and rarefaction 
the mixture can always be nuuie to Ining ab^ this result at 
tdioary temperatures. Ihe i^ntaiwous igaltian of impure 
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phosphine has been suggested as the cause of the ' will-o'-the-wisp ' 
sometimes seen over marshy ground, the phosphine having been 
produced by the decomposition of animal matter. 

Phosphine is an u^table substance easily decomposed into its 
elements by heat. The decomposition is of the first order, but it 
takes place on the walls of the containing vessel. Phosphine is also 
decomposed by the halogens, which form halides of phosphorus 
and of hydrogen, and by sulphur, which forms sulphides. It is 
absorbed by solutions of the salts of silver and gold (and other 
metals), with tte production of precipitates of var 3 dng composition; 
With the solutions named both the metal and phosphides are formed! 
Phosphine will also react under certain conditions with the halogen 
hydrides to form the phosphonium compounds, analogous to the 
ammonium salts: 

PH3+HI=PH,I. 

The reaction with hydrogen iodide takes place under ordinary 
conditions when the gases are mixed, but phosphonium bromide 
must be made in solution in some inert solvent, and to prepare 
phosphonium chloride it is necessary to compress the reaction 
mixture strongly and to cool it. 

Phosphonium iodide, PH^I, is commonly prepared by the action 
of a tittle water on phosphorus tri-iodide. Phosphonis is dissolved 
in carbon disulphide, iodine is added to it, and the solvent is 
distilled off while air is kept from the apparatus by a current of 
carbon dioxide. Water is then added, and after the heat of the 
reaction has abated the mixture is warmed in order that the whole 
of the phosphonium iodide may sublime into a wide tube fitted to 
receive it. The whole action may be represented: 

9P-f5l+i6H30=5PH4l t + 4 H 3 PO 4 . 

Phosphonium iodide is a colourless crystalline solid. On heating, 
it teadily decomposes into phosphine and hydrogen iodide, and 
from these substances some hydrogen and phosphorus tri-iodide 
may be obtained. With water it quickly yields phosphine ^^d 
hydrogen iodide and is very readily decomposed by oxi<tizing 
agents of all kinds. 

Phosphonium bromide, PH 4 Br, is a colourless solid which disso- 
ciates at a lower tOTiperature tham phosphonium iodide, and 
phosphoniwm Moriie, PH4CI, cannot exist at ordinary traperatures 
and pressures. , . ^ 

tauM JXffSxoemk phou pW e, PsH 4 , is the spontaneously mflam- 
mable ingredimit of the mixed hydrogen phosphides jMepared by 
the acticm of caustic alkalis on phosphorus. It is nia<& by the 
action of excess of water on calcium phosphide, Ca^P^, and is woived 
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fnnn the reaction mixture, which is kept at 60°, as a gas which can 
be condensed to a liquid by ice-water. The whole of the apparatus 
must be filled with hydrogen. It is an unstable, colourless liquid 
with a low boiling-point, and is spontaneously inflammable in the 
air. The products of combustion form a thick white cloud which 
contains water and oxyacids of phosphorus. Liquid hydrogen 
pih(»^de is insoluble in water. jj, 

faydrogea phosphide ’ is a yellow solid whidh accom- 
panics the lic^uid hydrogen phosphide produced by the'Wtion of 
water on calcium phosphide. It can be prepared, thoug3|^ in very 
small yield, by passing the gaseous products of this reaction\ through 
calcium chloride, which decomposes the liquid phosphide PjH, 
into gaseous phosphine and the solid phosphide. It is recovered 
by dissolving the calcium chloride in cold dilute hy<hrochloric add 
and filtering off the solid residue. It is a yellow solid with no 
smell, quicldy decomposed by moist air in the light and less quickly 
in the dark; it is also decomposed by water, with which it forms 
hydrogen and phosphoric acid. 

Its empirical formula approximates to P2H, although the composi- 
tion is somewhat variable. A molecular weight determination in 
which white phosphorus was used as solvent suggested a molecular 
formula PuHg, but the solid yields no definite X-ray diffraction 
pattern, and is now considered to be amorphous phosphorus con- 
taining dissolved (or adsorbed) phosphine. 

KiOiphidee of flu Uetab. — Our knowledge of these compounds 
is not very extensive. Phosphorus combines with most of the 


metals if heated with them, and some phosphides have been made 
by the reduction of phosphates, as for mstamce with carbon in the 
electrk: furnace. When phosphine is passed through salt solutions 
phosphides are sometimes precipitated, often together with the 
metal. Most ^osphides are decomposed by water, with the 
liberatirm of phosphine, but some few, such as copper phosphide, 
are stal^ enough to be used in small proportions in albys. The 
jAosphides are made by di^t comlnnation, as is alu- 
mhdum phosffliide, AlP, whidr in reaction with adds provides a 
amvement source of pure phosphine. 

Calcium phosphide, CajPf, can be made by direct combination, 
but is vsfxo often imq>ared fnnn caldam carb^ and {diosphoric 
omde, or ^ heating caldum phosphate with carbon in me electric 
.fumaoe, it is a brown crj^talline refractory substettee* stable in 
air but readily decomposed by water, witir vdiich' it liberates 
‘Ihydisogea and l^uid hycbogai pho^iide togeth^ with scum solid 
If air is present tiiese sttbstanote 
fihe production of clouds of pbospborte add, and calaum 
{iHji^fliide is used m fihe {Hodudion of smoke-sdeens at sea. 
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Oxides.— The principal oxidra of phosphorus are phosphorous 
oxide, P4P»» phosphorus tetroxide, (P02)n, and phosphoric oxide, 
P 0 ^* 

PhOSpiUMiOM okidBp p40e» sometimes called phosphorus trioxide 
from the empirical formula P2O3, is obtained by the combustion of 
phosphorus in an insufficient supply of ak. As some of the pent- 
oxide is always produced at the same time, and as phosphorus is 
appreciably volatile at the temperature at which the combustion 
is carried out, the conditions must be carefully regulated if con- 
tamination of the product is to be avoided. A slow stream of air 
is aspirated from left to right through the apparatus shown in the 
diagram while the phosphorus is gently warmed. Any unbumed 


^ --►'lo ootulenseriii 

^ jre^ing'rm3Ctut& 

Molten phaphoru. CcmacnaeratSO- Glass wool 

plug* 

Fig. 129. Combustion of Phosphorus to form Phosphorous Oxide 


phosphorus is condensed by the water-jacket, which is kept at 50® 
or slightly over, while the plug of glass wool catches any pentoxi'de. 
The trioxide, however, is carried into a condenser cooled in a 
freezing-mixture, where it collects as a colourless solid; it is best 
to interrupt the air current before the whole of the phosphorus 
has been consumed. The trioxide is freed from traces of phosphorus 
by fractional crystallization from carbon disulphide, followed by 
distillation. 

Phosphorous oxide is a crystalline substance melting at 23® and 
boiling at 173°; it has a peculiar odour. The vapour density 
corresponds with the formula P40e. When strongly heated in 
the absence of air, it yields phosphorus and phosphorus tetroxide: 

2P40«=3P204+2P, 

but it combines with oxygen from the air at all temperatures, 
forming either the tetroxide or the pentoxide, according to the con- 
ditions. When it is gently warmed in oxygen the reaction is violent 
and even explosive. With cold water the oxide slowly dissolves to 
form phosphorous acid: 

P40e+6H20=:t4H3P08, 

but with hot water the reaction is vigorous, phosphorus is deposited, 
and phc^phorus hydrides and phosphoric acid am produced. 

tetfoodde* empirical formula P08, is so called becai^ 
the empirical formula is intermediate between those of the trioxide 
p20« and the pentoxide P205, or possibly by analogy with lutrc^en 
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tetrojdde, but it is probably best represented by P/),. It fe nr. 
pared, as already described, by heating phosphorous oxide in o 
vacuum to nearly 300®, and then sublimes into the cool parts of the 
aM»ratus. It is also present in the mixture of oxides obtained bv 
the ccBubustion of phosphorus in a limited supply of air. It is a 
colourlras crystalline substance which deliquesces in the air and can 
be sublimed mthout change at about 180®. It is solublXin water 
but the solution does not contain hypophosphoric acid, ^P.O as 
ni^ht be expected, but behaves rather as a mixture of metaphos- 
phonc and phosphorous acids: 

2P02+2H40=HP0a+H,P0a. '! 

Kosphonu pentoxide, P4O10, the best-known and most !familiar 
oxide of phosphorus, is obtained by burning phosphorus in a 
liber^ supply of air or oxygen. When carried out under these 
conditions the combustion of phosphorus yields a white and sin- 
gularly brilliant flame. The commercial product usually contains 
lower ojddes and sometimes elementary phosphorus; and is purified 
by sublimation in a stream of oxygen over platinized asbestos, 
which catalyses the complete oxidation of these substances. 


li 


Gas in 


Gas out 


11 




Fis. 130. Phosphorus Pbntoxidb Drying-tubb for Gasbs 

Phosphorus j^ntoxide is a white powder which can be obtained in 
several ay^tauine forms. The most volatile, or a-form, consists 
of molecules PjOj#. It can be sublimed without difficulty at 250°. 
Other less vo&itile forms are macromolecular and contain PO4 
tetralredra mutually linked by three of the oxygen atoms. The 
pentoxide in the a-form has an affinity for water exceeding that 
of any known substance, and is chiefly us^ for withdrawing 
water or its- elements from other substances, the product of the 
reacti<m being the very stable metaphosphoric add. For this 
reason phosphorus pentoxide becomes stic^ and pasty if expo^d 
to the atmosfffiere evm for diort periods, and its use as a desiccating 
is jnccmvenient, since it is very ikble to dog the apparatus. 
It is coQasequently us^ only when a high d^re^ of desiccation is 
iMuiredi and is then ocmunonly piotected by caldum dilori^ or 
soi^oxic add driors foren the access of considmUe quantities of 
water. The diagram'diows the commonest fonn ci dry^-tiibe for 
gases. The wide tube is sealed oS at A after the oxide has been put 
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in. For most exped^ts on intensive drying the use of this sub- 
stance IS K^tial. The oxide is much used in the preparation of 
acid aiAydndes; Witt mtric and perchloric adds it yields nitrogen 
pentoxide and cmorme heptomde, and with sulphuric add sulphur 
trioxide. It is also extensively used in organic chemistry. 

The Oxvacids of Phosphorus.— T he types of these acids are: 


Hypophosphorous acid: HgPOa 
Phosphorous acid: HgPOg 

Hypophosphoric acid: H4P20g 

Phosphoric acid: H 3 PO 4 

Perphosphoric acid: H3PO5 


P0(0H)H2 

PO(OH)aH 

PO(OH)a 

PO(OH)a 

P0(0H)3 

P0(0H)2.0.0H 


It will be noticed that with the exception of hypophosphoric acid 
these form a sequence in which each has the formula HgPO^ but 
the table shows only the simplest type of each acid, and most of 
them exist in several condensed forms, which wiU be discussed 
under the appropriate headings. The structural formulae given 
are largely established, and they help to make the relations between 
the acids clearer than they otherwise would be. 

Hypopho9p]ioroas acid, HsPOa. — ^The solution remaining after 


the preparation of phosphine from phosphorus and caustic alkali 
contains a h3rpophosphite. If the preparation of this compound is 
the object of the experiment, baryta is used instead of caustic 
soda, and the Ucjuid afterwards neutralized by passing carbon 
dioxide through it. This precipitates barium carbonate, which 
can be filtered off, and barium hypophosphite can be obtained by 
evaporating the liquid. By treating a solution of this substan(^ 
with dilute sulphuric acid a solution of hypophosphorous acid is 
obtained, from which nearly all the water can be driven by very 
cautious evaporation, which may with advantage be carried out 
und^r reduced pressure. j u 

Hypophosphorous add is a colourless crystalline solid which 
melts in the neighbourhood of 25®. It is very soluble in 
and the solution behaves as a fairly strong monobasic add. There 
is a mass of evidence for this condusion — ^titration, conductivity, 
h3^og^ ion concentration, and so on — and since acid propertws 
are usually assigned to hyiroxylic hydrogen, the formula 01 the 

add is supposed to When hypophosphites axe dis- 

solv^ in water containing deuterium oxide, they are found upon 
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recov^ lo ^iitain no deuterium. . It is certain that if the anion 
contained a hydrosjyl group exchange between hydrogen and 
deuterium would rapidly occur. The anion is therefore HjPOo' and 
not HP( 0 H). 0 '. 

Hy|)dphosphorous add and the hypophosphites are powerful 
zediuwg agents easily oxidized by the air to phosphites^ and then 
to phosphates, particularly in add solution. They mil reduce 
concentrated sulphuric add to sulphur, phosphorus pemachloride 
to phosphorus, and solutions of copper sulphate to wpper, or 
possibly copper hydride. The acid is decomposed by beat into 
phosphoric acid and phosphine: 

2 H 3 P 0 ,=H,P 04 +PH 3 t, 


but if h3^phosphites are boiled in strongly alkaline solution 
hydrogen is evolved: 

H3P0/4-0H'=HP03-'+H3 f. 


The hypophosphites of the metals are usually obtained from 
solutions of sulphates and of barium hy^phosphite; on heating 
they generally lose hydrogen and phosphine, and leave a residue 
of phosphate. 

nom^ious acid, HsPOs, and the phosphites.— Phosphorous 
add can be obtained by dissolving phosphorus trioxide in water, 
but this method is very tedious; the hydrolysis of phosphorus 
trichloride is more convenient. The tricUoride is maintained at 
while a bri^ current of air is passed thro^h it, and the vapours 
are passed into ice-water, which after some time becomes filled with 
a mass of crystals: these can be filtered, washed, and dried in a 
vacuum: 

PCl,+3H80=P(0H)3-l-3Ha 


If liquid phosphorus trichloride is added to water the reaction is 
very violent, and decomposition occurs, but this can be avoided 
in an alternative method of preparation by the use of concentrated 
hydrochloric instod of water. 

^osphorods add is a colourless crystalline substance that 
melts at 74®. The crystals are deliquescent and readily ^luble 
in watar. solutions behave as -thoi^h they contained a 
dibasic add, and the formula of the add is supped to be 


H 

He acid is faMy strong in its first dissociation and 

..lifeaic Ifi its second dissodation (compare {drosphotic add); m 
1 jponcentcated aolntioQs aasodated motecules PQPO.), and 
also make tieir appearance. As is aim tfie case 
ridKMffimic add, phoaidiorous acB C^n be; 
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one eqmv^OTt of alkali with methyl orange, and two with 

thyinolpnthaicin. 

PhosphorotM add and the phosphites are less powerful reducing 
agents than the hypophosphites, and axe oxidized by atmospherre 
air, even in aCid solution, only in the presence of certain catalysts 
such as iodine; the product is phosphoric add. The boding 
alkaline solutions do not yidd hydrogen so readily as the hyp^ 
phosphites, but solid phosphorous acid, like hypophosphorous add, 
is on heating decomposed into phosphoric add and phosphine: 

4H,P0,=3H*P04+PHat. 

Phosphites will reduce copper sulphate solutions to copper and 
phosphorus pentachloiide to phosphorus, but with concentrated 
sulphuric acid only sulphur dioxide, and no sulphur, is obtained. 

The phosphites are usually prepared by the action of phosphorous 
add on bases or carbonates. Both monohydrogen and dihydrogen 
phosphites are known, but, as already explained, the third hydrogen 
atom of the molecule cannot be replaced by metals. On heating, 
the phosphites 5deld a phosphate together with hydrogen or phos- 
phine, or both. Caldum phosphite, CaHP 0 j. 2 Hj 0 , and barium 
phosphite, BaHPO,, are only slightly soluble in water, so that 
phosphite solutions yield precipitates with calcium or barium 
solutions, a reaction which distinguishes them from the 
hypophosphites. 

Ifetl^btMii^ionnu add, HPO2, is obtained as a crystalline solid 
by the action of dry oxygen on dry phosphine: 

PH,-f- 0 ,=HP 0 ,-pH,. 

This substance reacts with water to form ordinary or ortho-phos- 
phorous add: 

HP0,-|-H,0=H8P0„ 

and no salts of it have been prepared. Salts have, however, bera 
prepared derived from the very unstable pyrophosphorous acid, 
H4P*Oj(2H,PO,— H, 0 ). They axe of small importance, 

^PQPliO(Qdu»ks H4PJO,, was discovered in 1877 and fr 
usuauly prepared by the oxidation of red phosphoms by alk^i 
hypochlorite* When phosphorus is allowed to oxidize slowly in 
the presence of water, about 6 per cent of it is converted into this 
acid and the remaindW to phosphoric acid. H5T)ophosphoric ^d 
can also be prepaied by the oxidation of phosphorus with a hot 
add solutjon of copper nitrate. It can be separated from the other 
acids of phoaphicnriis produced in these reactions by jarecipitation 
with sodium aoetate of the dightly soluble sodium hypophosphate, 
Na|H^,0.,6H,0. u*ich can then be racrystal^d 
water. From the hot solution lead hypophosphate ca* 
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• prieiapiia^," aad from a suspensioa of this salt a solution of 
the add .can be obtained by treatment with hydrogen sulphide 
whi<^ prec^itates lead sulphide. Concentration of the solution 
under reduced pressure yields either the anh3rdrous aHd or a 
hydTat4s. 

*H;p)ophosphoric acid is a colourless crystalline h3rgros|[mpic solid 
n»lting at 55® and soluble in water. On heating to almut 70° it 
is converted into an equimolecular mixture of phosphorous and 
metaphosphoric acids: ^ 

H,P,0*=H3P0,+HP0,. 

The change is irreversible, and takes place equally readily in 
solution, rapidly on heating but only slowly in the cold, while 
these acids show no si^ of combination on mixing, and none Is 
discernible in the freezing-points of their mixtures. Solutions of 
hy^phosphoric add or its salts have practically no reducing 
action, and are unaffected by hydrogen peroxide, dilute nitric 
add, or the halogens. On warming they display reducing properties 
due to the phosphorous acid fonn^ by decomposition. 

The acid is tetrabasic, and salts have been prepared in which a 
quarta:, a half, three-quarters, and all the hydrogen has been re- 
placed by a metaL WTien the add is titrated against a base with 
methyl orange, an end-point is reached at a half-way stage, so 
the add must be tolerably strong in its first two dissociations. 
The formula is a matter of controveiw, but the suggestion 
P0{0H)3 

I appears to fit the facts better than any other. 

P 0 ( 0 H )3 

Phosphorus tetroxide cannot be regarded as the anhydride of 
this add, since neither substance can be directly converted into 
the other. 

PaosnaoRic acid exists in three modifications: the ortho-add, 
H,PO«, the pyrd-add, H*P, 0 „ and the meta-add, HPO,, connected 
as follows wim the pentoxide: 

P.0,+3H,0=2H,P03. P,0,-|-2H,0=H4PA- 

Pj 0 ,-f-H 30 = 2 HE 0 ,. 

(MlH^oa^batie add, HjFO^, the most important add of phos- 
pfaaras, » obtained by the action of hot water on j^osphorus 
peotmikle, or more readily by oxidiang pho^otus in contact 
lirkh water, usually with concentrated nitric add. Dilute acid 
f addpa <m pboqthoros, but if the add is too concentrated 
g^rons explosions may take place. Any varidy of. {dio^hortu 
' ^ used. In the LajEKKOTB process (p. 6x6) mthoi^ospbonc 
drtained fixaa pho^horos and steam. 
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The product of the action of nitric acid or other volatile caddmug 
agent on phosphorus and water is evaporated until nearly all the 
water has been expelled: the mass is then cooled and crystals with 
the composition H3PO4 separate. As hot concentrated phosphoric 
acid attacks glass, porcelain, and even some varieties of fused 
silica, this operation must be carried out in a platinum vessel. 
The product is a colourless crystaUine solid melting at 42®, hygro^' 
scopic, and very soluble in water. On strong heating it loses watered 
is converted first to pyrophosphoric and then to metaphosphoric acid. 

Orthophosphoric acid is tribasic. The dissociation-constants are 
o-oii, 2X 10-’, and 3-6x I0““, so that it is fairly strong in its first 
dissociation, weak in its second, and exceedingly weak in its third. 
Consequently solutions of the dihydrogen phosphates, such as 
NaH2P04, have an acid reaction, the monohydrogen phosphates, 
such as Na2HP04, are alkaline from hydrolysis, and the normal phos- 
phates, such as Na3P04, are nearly as alkaline in solution as caustic 
soda. If the hydrogen ion concentrations of the solutions obtained 
by adding (^y) M/io solutions of caustic alkali to M/io solutions 
of phosphoric acid are calculated, they are found to be (18®): 
NaH5iP04, Na2HP04, lO""®-®; Na^PO^, io”i®, and these 

values have been confirmed by potentiometric titration. Conse- 
quently the acid can be titrated to a dihydrogen phosphate with 
methyl red and to a monohydrogen phosphate with thymolphtha- 
lein, or less accurately with phenolphthalein, while the titration to 
the normal salt cannot be carried out with indicators; in this region 
the hydrogen ion concentration changes only slowly with the 
addition of alkali. Mixtures of phosphoric acid and phosphates 
are much used as buffers and in the preparation of solutions of 
standard hydrogen ion concentration. 

Orthophosphoric acid in the pure state or in solution is a stable 
substance with the ordinary properties of an acid but otherwise 
not reactive. The phosphate ion shares the stability of the neigh- 
bouring silicates and sulphates, though the tervalent ion PO4'" 
uncombined with hydrogen ions exists only in very concentrated 
alkaline solution. As the acid is not volatfle on moderate heat^ 
it can be used instead of suljJiuric acid for expelling volatile acids 
from their salts, but all the phosphates are decomposed by hot 
concentrated sulphuric add. 

<>fffe>^Aas^fes.~These salts are prepared by the usual method^ 
All the pbosf^ates and hydrogen phosphates of the alkali-metals 
(except lithium) and ammonium are soluble in water,^ but n^t 
other phosphates are insoluble or only slightly .soluble, Tm 
wsoliibte rfiospbates or double ammonium phosphates of certain 
inetals^ among thm magnesium and zinc, are usw in th^ 
metric analysis. The monohydrogen phosphates on ignition 3«pO 
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wates^dfed pyrophosphates, and the dihydrogen phosphates yield 
watet and metaphosphates. Several orthophosphates are described 
tmdq? the metals. 

acid, H4P2O7. — ^Attempts to prepare this acid by 
the action of water on phosphorus pentoxide have been unsuccessful, 
but it can be prepared without difficulty by heating the ortho-acid 
to 250®, or from a mixture of the ortho- and meta-acids: | 

H3P044-HP03=H4P20,. f 

In the ptire state it is obtained from its sodium salt, which remains 
when disodium monohydjrogen phosphate is heated : | 

2 Na 2 HP 04 =Na 4 P 20 ,+H 20 f . ^ t 

This is dissolved in water and precipitated as the insoluWe lead 
salt, which is then suspended in water and treated with hydrogen 
sulphide. The evaporation of the resulting solution must be carried 
out imder reduced pressure, for on heating the pyro-acid takes up 
water and forms the ortho-acid. 

Pyrophosphoric acid is a syrupy liquid of uncertain melting-point, 
since undercooling takes place very readily. It is freely soluble in 
water and is a tetrabasic acid, the dissociation-constants being 
about 0'i4, 0*011, 4X10”^ and lo**® in that order. The solutions 
are stable only at low temperatures and readily form orthophos- 
phates on heating, especially if the solutions are add. 

Pyrophos^haies . — These salts are prepared by the usual methods 
or by heating monohydrogen orthophosphates: the normal salts 
and the dihydrogen salts are the commonest, and indeed it is 
doubtful whether the others exist at all. The dihydrogen salts 
3deld metaphosphates and water when heated: 

Na2H2P20,«2NaP0s-f H 2 O f . 


MMaphocpb^^ add, (HPOs)!,, ' glacial phosphoric acid,' is obtained 
by strongly heating the ortho- or pyro-adds in a gold or platinum 
vessd, but if the process is carried too far the product contains 
an exc^s of phosphorus pentoxide. It is a colourless, glassy, and 
very ddiquescent substance, freely soluble in water, with which it 
evolves much heat. The solutions gradually change to orthophos- 
thoric addr In the laboratoigil to€iafiosphoric acid is used as a 
lubdcant for taps in a^aratusii^re it will be exposed to substances 
that attack otiier lubncants. An add of monomeric formula HPO3 
does not exist, nor have any corresponds^ salts been obtained. An 
anicm of empirical formula POa' arises from the conddisation of 
P04'^' tetrahedra resulting from a mufrud diagfeg of hao oxygen 
ajbms in each tetrahedrcm (cf. pllo^orus pemoxide, wh^e three 
iaxygim are shared).. Thus three tet^edra can condense in a nng 
tri^etaphosphate, 
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or four to give tetrametaphosphate, (POg)/"'; a more widespread 
condensation yields macromolecular anions of very large molecular 
weight. The extent of the condensation is controlled mainly by the 
temperature at which the necessary dehydration of orthophosphate is 
effected. Fusion of sodium phosphate, NaH2P04, at 600® gives a 
macromolecular polymetaphosphate, ‘ sodium phosphate glass,' 
formerly termed ‘ hexametaphosphate,' while careful heating at 
300® gives the cyclic trimetaphosphate, NagPgOj. Tetrametaphos- 
phoric acid is prepared by treating a-phosphorus pentoxide with 
ice-cold water. 

Analytical distinctions. — ^When heated with excess of nitric acid 
and ammonium molybdate, all oxyacids of phosphorus or their 
salts 5deld a canary-yellow precipitate of ammonium phospho- 
molybdate (p. 714). Solutions of the salts of the phosphoric acids 
can be distinguished as follows: 

(i) The insoluble silver salt of orthophosphoric acid is yellow^ 
of the other acids white, 

(ii) Metaphosphoric acid will coagulate a solution of albumen, 
the other acids will not. 

Peimonoiiliosphoric add, HaPO^, is obtained in solution by adchng 
phosphorus pentoxide to concentrated ice-cold hydrogen peroxide: 

Pa05+2Ha0a+Ha0=2H3P05. 

The solutions have powerful oxidizing properties resembling those 
of permonosulphuric acid. A perdiphosphoric acid, H4P20a, has 
also been reported. 

Comparison of the ozyadds of phosphoms.— A few of the pro- 
perties of these soixt|ipha>t confusing substances are shown in the 
table (p. 63a). Thej^fife all colourless hygroscopic solids soluble in 
water, except p3rrophosphorous acid and the perphosphoric acids, 
which are known only in solution. 

Halides of Phosphorus. — ^The principal halides of phosphorus 
are: 

PluGfUes Chlorides Bromides Iodides 

PF3, PF3 PCI3, PCU PBrg, PBr* PJ*, PI, 

and a number of mixed halides are known. 

X 
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They are vol^e substances usuaUy prepared by the union of 
the clcnicnts. Tlic iodides and higher bromide are yellow, red, 
or orange; the fluorides, chlorides, and tribromide colourless. They 
are all decomposed by water with the formation of hydrogen 
halide, together with phosphorous acid from the trihalides and 
phosphoric acid from the pentahalides: 

PF3+3H20=P(0H)3+3HF. PBr5+4H30=H3P04+5HBr, 

consequently they fume in moist air. The trihalides combine with 
oxygen on heating, or sometimes in the cold, to form oxyhalides; 

2PCl3+02=2POCl8, 

but the tri-iodide does not show this reaction: the pentahalides are 
stable against oxygen unless strongly heated, when they dissociate 
in any case into the trihalide and free halogen, the reaction: 

PX3-bX3^PX3 

(X represents a halogen atom) being in all cases reversible. 

The melting- and boiling-points of the halides are shown in the 
table: 



PF ^ 

PCh 

PBr ^ 

Ph 

ppf . 

PCI , 

p ^* 

Melting-point 

-152° 

- 94 ° 

- 4 *“ 

61*=^ 

1 

00 

0 

circ. 

^ 160® 

no® 

Boiling-point 

~IOI° 

75 ° 

175° 

1 decom- 
poses 

-75° 

circ. 

160® 

decom- 

poses 


Melting- and Boiling-points of the Halides of Phosphorus 


Phosphonui flaorides. — Both the tri- and pentafluorides can be 
obtained by union of the elements, but the trifluoride is best prepared 
by the interaction of arsenic trifluoride (p. 643) and phosphors 
trichloride. It is a colourless gas which unites explosively with 
oxygen on sparking the mixed gases in the cold; 

2PF3+02=2P0F3, 

and will combine wkh fluorine or any of the halogens to form 
pentahalides. It is hydrolysed by water (contrast nitrogen 
trifluoride). 

The pmtaflMoride was first prepared in 1887 by tiie action of 
arsenic trifluoiide on phosphorus pentachloride: 

5ASF8+3PCI5-3PF6 1 +5ASCI3. 

It is a strong-smelling colourless gas which is hydrolysed by water^ 
but in the absence of water it does not attack glass. . 

nutsiAtorai PCI3, is commonly prepared by direct 
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combination in an apparatus similar to that illustrated, in which 
a brisk current of dry chlorine is passed over the surface of molten 
phosphorus (the fusion is most safely accomplished with warm 
water)* A flame appears in the retort in which this operation is 
carri^ out, and which must be filled with carbon dioxide before the 
chlorine is admitted, and the heat of the reaction is sufficient to 
boil the trichloride, which can be purified by a single redis&ation. 
It is a colourless liquid of density i-6, decomposed by wa^r and 

Pr ychlorlne 



‘Watm water 

Fio. 13 1. Preparation of Phosphorus Trichloride 


other hydroxy lie solvents, but soluble in inert organic liquids: it 
is covalent. 

It is a very reactive substance whose chemistry is controlled by 
(i) the avidity of phosphorus for oxygen or hydroxyl, and (2) its 
donor properties, which may be attributed to the lone pair of 
electrons. With water, alcohols, and other organic substances 
containing hydroxyl groups it forms compound in which the 
hydroxyl group is replaced by chlorine, and is sometimes used for 
this purpose in organic chemistry, though it has largdy been super- 
seded by thionyl chloride. It reacts with oxygen on heating, form- 
ing the oxychloride POCls, and is explosively oxidized by nitric acid. 
With ammonia it forms a compound, PCI3.0NH3. 

fbOfliboriis Pfttttadlknfide, PCI3, is prepared by the action of 
excess it chlorine on phosphorus trichloride or on phosphorus. As 
the product so readily reacts with the moisture of the atmosphere 
it is best to prepare it in the vessel in which it is to be preserved. 
A quantity of the trichloride (which may be replaced by a con- 
centrated sohxtion of phosphorus in carbon disulphide) is placed in 
a bottle end a bii^ stream of chlorine, which must be is led in 
through ia wide tube. It is best to provide a glass stirrer for use 
in the later stages of the reaction, during which the bottle must be 
aK)led. When all the trichloride has been converted to the colour- 
tee solid pentachloride, the chlorine is driven from the apparatus 
by a current of dry ca^n dioxide and the bottle secured with a 
w^vaselined stopper* 

Ihe CK^bur mid vapoi^*d«aSity of {Bosphorus pcntadiloride both 
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indicate iptial and fully reversible dissociation into the trichloride 
and chlorine on heating: 

PClj 5=iPCl j -I-CI 2 


At 200° about half the pentachloride is dissociated. 

The constitution of this compound — ^i.e. its electronic structure— 
has been the subject of some speculation. The pentachloride is 
a covalent compound which in 


Dry 

chlorine 


Glass 

Stirrer 


Fume 

cupboard 


the pure state will not conduct 
electricity, but the solutions in 
certain solvents such as nitro- 
benzene do have this power. 

X-ray diffraction applied to the 
crystalline solid has given the 
explanation, by showing that 
the pentachloride is formed from 
equal numbers of the ions (PClg)' 
and (PCI4)*, which when released 
in solution confer conductivity. 

The vapour, on the other hand, 
consists of single molecules, 

PCI5, of bipyramidal shape, in the 
constitution of which the thermal 
dissociation is not reflected. 

Phosphorus pentachloride is a 
powerful chlorinating agent, and is widely used in organic chemistry 
for this purpose; thus with alcohol: 



..Phosphorus 

trichloride 


Fig. 


132. Preparation of Phos- 
phorus Pentachloride 


CaHjOH+PClj^CaHsCl+HCl f +POCI3 1 • 

The evolution of hydrogen chloride in the cold is considered to be 
evidence for the existence of a hydroxyl group in the molecule, 
but on heating phosphorus pentachloride will chlorinate many 
compounds which contain no hydroxyl, e.g. ethers. 

(CaH3)aO+PC4«2C3H,Cl+POCl* f . 

The hydrolysis of the pentachloride 3delds phosphoric acid and 
hydrochloric acid, but in the absence of a large excess of water 
consideraUe quantities of phosphoryl chloride, POCI3, may be 
produced. The pentachloride forms two compounds with ammoma : 
PCl3.8NH,aiidPa«.ioNH3. ^ 

Bromitel of phosphorus comprise the tribromide and the penta- 
bromide, both of which are produced by direct union of the elements. 
The petotabrmniae melts below 100® to a liquid mixture of the tn- 
brondde and bcomine contaming only a smill residue of the 
bromide in equilibrium. ' 
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lodMies. — Hie stablest iodide has the fomiula P2I4, and is pre> 
pared by mixing carbon disulphide solutions of the elements in 
the correct proportions. The tri-iodide PIj is much more soluble 
in carbon disulphide, and this method of preparation is unsuitable: 
it is made by the action of hydrogen iodide on phosphorus 
trichloride: 

PCl,+3HI=PI,+3Ha. jj 

The hydrolysis of the iodides of phosphorus is made use of as a 
source of hydrogen iodide. \\ 

Phosphorus Oxyhalides. — In addition to the phosphbryl tri- 
halides, POFj, POCI3, and POBrj, other oxyhalides ipf less 
importance are known. The phosphoryl trihalides are produced 
by oxidation of the trihalides of phosphorus either by heating in 
the air or otherwise, or by an intermediate stage of the hydrolysis 
of the phosphorus pentahalides: 

PCls-f-HgO-POClg-f-HCl. 

Phosphoryl fluoride is a colourless gas, the chloride is a colourless 
liquid, and the bromide an orange solid: the melting- and 
boiling-points are: 

POF^ POCl^ POBr^ 

Melting-poiiit —68® +2® 56® 

Boiling-point —40® 105® 190® 

Melting- and Boiling-points of the Phosphoryl Trihalides 

The phosphoryl halides are all hydrolysed by water, the products 
being phosphoric acid and the hydrogen halide: they fume in 
the air. 

Fhospbofyl tricWoride, POCI3, usually called simply phosphoryl 
chloride, is prepared by oxidizing phosphorus trichloride with 
potassium chlorate. The reaction is violent, and the vessel in 
which it is carried out must be well cooled and provided with a 
reflux condenser. The product is finally distilled off. It is used 
in oi^anic chemistry as a chlorinating agent. 

Phosphorus Sulphides.— Phosphorus and sulphur react vigor- 
ously when heated together, forming a product which contains 
several of iht large number of binary com^imds Of these elements 
which have been reported. They may be prepared in the laboratory 
by inixmg finely-powdered red phosphorus with the theoretical 
quantity of sulphur, and heating the mixture in a current of an inert 
gas (carbcm dioxide) tmtil reaction takes place. The molten mass is 
llben allowed to cool, broken up, and purified by various methods. 

trisn^piiidei P^» is the most finportant sulpm^^ 
fjrf phossteos, afid k the prindp^ ingiediait of the mbdnre used 
lor ono Idnd ’of match.* It is made on the commercial 
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sc3.1c by hc3.tiiig 3. mixture of sulphur snd phosphorus in. carbon 
dioxide to about 33^ • When prepared in the laboratory it may 
be purified by extracting it with carbon disulphide, evaporating to 
dryness, and boiling it with water, by which it is only very slowly 
hydrolysed, whereas hot water soon decomposes the other sulphides 
of phosphorus, forming hydrogen sulphide, phosphoric acid, and 
other products. It is a yellow crystalline substance melting at 
174"^; stable in the air, though readily taking fire when heated. 
In the absence of air and water it can be heated to a high temperature 
without decomposition. 

(Tetraphosphorus heptasulphide, P4S7, differs from the compound 
just mentioned by being nearly insoluble in carbon disulphide. It 
is decomposed by water more rapidly than the pentasulphide. 

Pbosphonis pentasulphide, 'PSio* is a pale yellow solid, melting- 
point 290®. Cold water ^adually hydrolyses it to ortho-phosphoric 
acid and hydrogen sulphide. 

Phosphorus nitride, (PaNg)^. — This interesting compound can be 
made by a variety of methods, of which the simplest is perhaps that 
due to Stock: phosphorus pentasulphide is strongly heated in 
ammonia. The product is a colourless solid without taste or smell, 
which must be heated to a high temperature in vacuo before it 
decomposes into its elements. It is unaffected by cold water, but 
by boiling water is slowly decomposed into phosphoric acid and 
ammonium phosphate. It bums if strongly heated in the air. On 
careful heating in vacuo at 750® nitrogen is lost, and the nitride 
of simpler empirical composition PN sublimes as a red solid. The 
structures of the sulphides have been revealed by X-ray diffraction, 
but those of the nitrides of phosphorus still await elucidation. 


Arsenic 

As =74*91. Atomic Number, 33 

Hist(U7. — Yellow arsenic sulphide was employed as a pigment 
by the ancient Assyrians, whence the name sandarach, from lindu 
(lYqu, yellow paint. Both realgar and orpiment (AS4S4 and AsgS®) 
were employed by the Alexandrian and later alchemists, and 
Jabir knew how to extract the element from them. Al-Iraqi 
(about 1260) pointed out the resemblance between orpiment and 
stibnite (Sb2S3), whole the formation of white arsenic has 

been Imoym at least since the time of Pliny. Brandt (1774) 
recogniaseci that white arsenic was the calx of metallic arsenic. 

and Sxbcadioii. — ^Though not very abundant, arsenic 
is widdy diffused in small quantities, Sulphodes are frequently 
contaminated with arsenides, and the removal of this arsemc is 
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usually necessasy if the sulphides are to be used for the extraction 
of metals or for the manufacture of sulphur dioxide: the oxides ol 
arsenic are notorious as catal5rtic poisons, and have caused much 
difficulty in plants such as those used for the contact process. 

The two principal ores of arsenic are the sulphides realgar, AS4S4, 
and orpiment, but these are not generally worked, for the 

element, which is manufactured by heating certain mixed arsenides, 
of which mispickel, FeSAs, is the most important, in the alienee of 
air. The operation is carried out in retorts not unlike th6^ used 
for the distillation of zinc,(p. 502), and the arsenic, or somfe of it, 
sublimes and is collected in sheet-iron condensers. It qan be 
freed from aU impurities except antimony by mixing it with cWcoal 
and subliming it. In the laboratory the purest arsenic can be 
prepared by precipitating arsenious oxide from a solution of a pure 
arsenite, mixing it with charcoal and distilling the arsenic from 
the mixture. 

PlfOperties. — ^Arsenic exists in three allotropic modifications, as 
follows: 

1. Metallic arsenic, the stablest form, obtained by heating any 
other form or by slow sublimation. It is a brittle grey substance 
of density 57, a conductor of electricity, and sublunes on strong 
heating, the vapour pressure reaching 760 mm. at about 620°. 

2. Yellow arsenic is obtained when arsenic vapour is suddenly 
cooled, and is metastable at ordinary temperatures. It is very 
much less dense than the other forms of arsenic (density 2*1), and 
is the only modification to be soluble in carbon disulphide. In the 
solid state it rapidly changes into the grey form, particularly 
vdien exposed to %ht, and if it is to be preserved it must therefore 
be dissolved in carbon disulphide as soon as it is produced. It is 
a translucent substance which does not conduct electricity. The 
boiling-point of the solutions indicates a molecule AS4. 

3. Bloch arsenic is slowly precipitated from carbon disulphide 
soluti(ms of tiie yellow variety, and is also the first product of the 
transformation of the solid form of this substance in the cold. 
It difiers from metallic arsenic in its smaller density (4-6), by being 
translucaat, in its greater resistance to oxidation by air or nitric 
aiM, and by not possessing the power of c®ducting electricity. 

Jifnorph^ arsenic is obtained as a brown powder by reducing 
atsenic obmpouods with such substances as stannous chloride or 
liydibsulphite. It is an amorphous substance of variable 
density— 4*0 is a representative value. 

At atmospheric pressure and near, the sublimation temperature 
^ e vsqpour of arsenic consists chiefly of tetra-atomic molecules, but 
if the pressure is reduOed or the temperature increased, the mean 
nsofecttWwei^jdiin^ and single atoms make their appearance. 
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Like phosphonis, ^emc can be made to exhibit phosphorescence 
when heated m air or oxygen, but the phenomenon is less con- 
spicuous and a temperature of 200° is necessary. If heated in air 
or oxygen, arsenic bums to form the trioxide AsgO,. 

The standard electr^e potential of metallic arsenic is about +o*^ 
volt, so It wiU not dissolve to any considerable extent in acid 
solutions, iinloss these have an oxidizing action. By boiling 
concentrated sulphuric acid, or by nitric acid, it is converted to 
the trioxide or to arsenic acid. It will not combine with hydrogen, 
unless nascent, but it combines energetically with the halogens! 
Arsenic will deposit the metal from solutions of salts of silver 
copper, gold, or mercury. 

Arsenic hydride, arsine, AsHa.— This is the only known hydride of 
arsenic, though organic derivatives of the hypothetical hydrides 
AsgHg and AS2H4 are well known. It is obtained by the action of 
nascent hydrogen on arsenic, which may be present as the element 
or in solution as arsenious acid. The product of this reaction 
contains a large proportion of hydrogen, and the pure gas must 
be obtained by the action of acids on arsenides; the arsenides of 
sodium and calcium have been recommended. 


Na3As+3H*=AsH3 f +3Na . 

The product of this reaction also contains hydrogen. It is first 
dried and then condensed in a freezing-mixture at about —90®, 
which allows the hydrogen to pass on. 

Arsine is a colourless gas with a repulsive smell resembling 
that of garlic. It is intensely poisonous even in great dilution, 
and has caused the death of more than one investigator. It can 
be condensed to a liquid at —55®; this liquid freezes at — 113®* 
The gas is scarcely .soluble in water and is little affected by acids 
or alkalis, but it dissolves freely in turpentine. It is unstable, and 
when heated to 200® or so, or exposed to sunlight, decomposes 
into its elements. The decomposition is accelerated by vario^ 
catalysts: even pure arsine slowly decomposes in the dark or in 
the light. The decomposition of arsine by heat is the basis of the 
celebzdted Marsh test for arsenic (p. 646). It is readUy converted 
to water and axs^ious or arsenic acid by oxidizing agents, smd can 
be absorbed by a solution of silver nitrate, from which it precipitates 
silver: 

AsH,+6Ag+3H,0=AsO,'"+6Ag H- 9 H\ 

A tafp.. munber of these compounds occor native 
in an ina{itii«i.<lbnn. e.g* AgjAs, CoAs,. In the labmatoty they ^ 
usually prepared by direct combination, either by hating the 
clement wiin arsenic or by passing the vapour of arsenic over, the 
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element, but occasionally arsenates are reduced; thus calcium 
arsenide, Ca^s*, is prepared by heating calcium arsenate with coke 
in the electric furnace {compare calcium phosphide). The arsenides 
are usually dark-coloured solids, sometimes transparent. The 
arsenides of the alkali-metals, alkaline-earth metals, and aluminium 
are sufficiently soluble to be decomposed by water into arsine and 
hydroxides, the other arsenides are mostly insoluble in vs^ter, but 
are oxidized to arsenates by hot nitric acid. |r 

Oxides of Arsenic. — The principal oxides of arsenic^\are the 
sesquioxide or trioxide, AsgOg, and the pentoxide, As^Oj : a tttroxide, 
AS2O4, is also known. The formulae given are empirical. \ 
Ars^c trioxide, arsenioos oxide, As^Og, is formed when arsenic 
bums in air or oxygen, but the arsenious oxide of commerce is a 
by-product of the extraction of certain metals, notably tin, from 
their arsenic-containing ores. The vapours from the roasted ore 
contain sulphur dioxide and arsenious oxide, and the latter is caused 
to settle in a dust-collecting plant and purified by sublimation. Pure 
arsenious oxide can be precipitated from a solution of pure sodium 
arsenate by sulphur dioxide: 

2As04'"+2S02+H20=As208 | 4-2S04"+20H'. 

The oxide exists not only in the crystalline form, but as an under- 
cooled liquid called vitreous arsenic trioxide, obtained by con- 
densing the vapour on a relatively hot surface. Both forms are 
colourless. The vitreous form slowly reverts to the crystalline 
form on keeping, though by the exclusion of air the transformation 
can be almost indefinitely retarded. The crystalline oxide sublimes 
on heating, but the vitreous oxide melts and then boils. The 
vapour density at fairly low temperatures corresponds with the 
formula As 40<|, but at higher temperatures molecules of AsgOg are 
found in the vapour; the crystal unit, as determined by the X-ray 
method, also corresponds with a molecule AS4O4. 

Araenious oxide is slightly soluble in water, and the unstable or 
vitreous form has a markecQy higher solubility than the crystalline 
form; At roo|n temperature the solubilities are about 37 and 17 
gm. per litre respectively, and the solubility increases with the 
temperature.^ The oxide is amphoteric, and is more soluble in 
adds or in bases than in water. The aqtleous solution has weakly 
add proj^ies, and is said to contain arsenious acid, HgAsOg. It 
is monobasic, and the dissociation-constant is of the order 10 ^^- 
so the acid is very weak. 

Ai^ious oxide can be reduced to arsenic by heating in hydrogen 
or carbon monoxide, but arsenious add and tne arsenites are fairly 
powerful reducing agents, being converted to arsenates: 

" AsO/^+O^AsOi'^ 
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ArsemtM.— The complexity of these compounds recalls that of 
the oxyacids and s^ts of phosphorus. The arsenites of the alkali- 
metals and ammonium are obtained by dissolving the oxide in the 
base and are soluble in water, they are used in volumetric analysis 
as reducing agents, particularly for the titration of iodine, but the 
solution must be buffered: 


As03"'+l2+H20=As0/"+2r+2H\ 

Periodates or iodates can also be reduced to iodides. With neutral 
solutions of silver nitrate a precipitate of yellow silver orthoarsenite, 
Ag3As03, is obtained, but if sufficient ammonia is present the silver 
nitrate is reduced to silver: 


As03'"+2Ag +H20=As0/"+2Ag | +2H'. 

It is obvious that the reduction will be favoured by an alkaline 
solution. 

Sodium arsenite is obtained in solution by dissolving arsenious 
oxide in caustic soda. If the arsenites of sodium are required pure 
and anhydrous, they may be prepared as follows: 

1. Sodium orthoarsenite, NagAsOg, is insoluble in alcohol, and is 
obtained by heating arsenious oxide with alcoholic caustic soda 
and extracting with alcohol. 

2. Sodium metarsenite, NaAsOg, is prepared by dissolving 
arsenious oxide in a hot solution of sodium carbonate until no more 
action takes place : the solution is then evaporated to dryness. Both 
these salts are soluble in water. The solutions have an alkaline re- 
action from hydrolysis, and if acids are added to them arsenious 
oxide is precipitated; even a solution of carbon dioxide is acid 
enough for the purpose. When required for reducing purposes the 
solutions are therefore usually kept alkaline. 

Copper arsenite can be obtained as a precipitate of variable 
composition from a solution of copper sulphate and a solution of 
arsenious oxide in potassium carbonate. It was formerly used as 
a green pigment under the name of * Scheele's green,' but the 
sale of pigments containing arsenic is now illegal in most countries. 

Azitoic tetnndde, AS4O8, is obtained by heating the trioxide and 
the pentoxide in equimolecular proportions. No series of salts is 
derived from it. 

Arsenic penioaddCt As40jo» is obtained by the oxidation of the 
trioxide. The operation is usually carried out by boilir^ this 
substance with concentrated nitric acid. When the action is over 
the liquid is decanted and the residue freed from water and nitnc 
acid at a low red heat, , . . j 

The pentoxide is a white powder which, like ^enious oxide^ can 
^Jso exist in the vitreous or undercooled condition. It decomposes 
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oa hating to about 400° into ox3rgen and arsmous oxide, which 
volatilizes; this decomposition takes place before it melts. The 
solid is hygroscopic and dissolves in water to fortn a solution 
said to contain arsenic acid, HjAsOi, but it has not the exceptional 
drying properties of the pentoxide of phosphorus. 'Whether in 
the dry state or in solution it is an oxidizing agent. It , can be 
reduced to arsenic by means of hydrogen. jl 

The pentoxide dissolves only slowy in cold water, b|lt more 
rapidly on heating, though the solubility is high at all temp^tures, 
and the saturated solution has a density of more than 2. \^rsenic 
add is rather weaker than orthophosphoric acid. Hie hf^t dis- 
sociation-constant is about 5XIO-®, and the second and ' third 
constants lower than the corresponding values for phosphoric acid; 
the add can be titrated as a monobasic add with methyl orange 
and as a dibasic add with phenolphthalein. Solutions of the 
arsenates are therefore considerably hydrolysed. 

Arsenates can be reduced to arsine by nascent hydrogen in acid 
solution: 

HjAsO^-hSH^AsH, f +4HA 

but in alkaline solution this reaction will not take place — ^this is 
one of the distinctions between arsenates and arsenites. The 
oxidizing power of the arsenates is not very great; they will liberate 
bromine or iodine from add solutions of bromides or iodides, hut 
with chlorides the reaction is far from complete. As already noted, 
salphur dioxide precipitates arsenious oxide from arsenate solutions. 
Hydrog^ suli^tde precipitates arsenic pentasulphide from acid 
solutions: 

2AsO*'"-f6H’-|-5H^=AsaS, I -HSHjO, 

but if the temperature is raised, arsenic trisulphide and free sulphur 
also make their appearance. 

— ^IlKse compounds are usually obtained by the 
interaction of arsenic pentoxide with a base, but they may also 
be ptepaied by*oxidizi^ arsenic in the presence of suitable salts, 
e.g. potassium arsenate can be obtained by heating arsenic with 
potassinm chlorate, or arsenious oxide with potassium nitrate. 
Orthoars^aft^ derived from H^04, pyroarsenates derived from 
KfAs^,, and metarsenates derived from HAsO,, are aU known. 

Disodium fydrogm otikoarsenaU, NatHAs04.7H20, is prepare 
m the cbhanerdal scale by heating a mixture of sodium arsemte 
aM sodium nitrate in a futnace. It can also be mack fcmn arsenic 
and sodium carbonate solution. . It is a colonrless compound 
used in calko-^inting; like all the arsenates of the alkaii-metais 
<md anunoninm it is smble in water. 

When treated with hot nitric add' scdutiw of anunomum 
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molybdate, arsenate solutions aU deposit yeUow precipitates 
consisting of complex arsenomolybdates. In this the arsenates 
resemble the phosphates, but they can readily be distinguished 
from the phosphates by their oxidizing powers. 

Arsenic Halides. In these compounds the intermediate 
character of arsenic between the non-metal phosphorus and the 
metals antimony ^d bismuth is very clearly marked. Arsenic 
forms trihalides with all the halogens, a pentafluoride, and a di- 
iodide, and perhaps a monoiodide. The melting- and boiling-points 
of the halides are as follows: 



AsF^ 

AsCl^ 

AsBr^ 

Asl^ 

AsF^ 

ASgl^ 

Melting-point 

-8° 

-18® 

33° 

146° 

_8o» 

130® 

Boiling-point 

64“ 1 

130° 

220® 

! 

(400°) 

- 53 ° 

380® 


The Principal Halides op Arsenic 


They are all decomposed by water, except the tri-iodide, which is 
fairly stable in solution: as with the corresponding compounds of 
phosphorus> the first products are oxyhalides and the final products 
an oxyacid and a hydrogen halide. 

Arsenic triflaotide» AsF^, can be prepared by union of the elements, 
but the preparation of fluorine can be avoided by distilling a mixture 
of calcium fluoride and arsenious oxide with concentrated sulphuric 
acid. It is a colourless volatile liquid with a peculiar smell. As it 
is fairly easily obtained, it is sometimes used in the preparation of 
fluorides of other elements, e.g. of phosphorus (p. 633). 

Arsenic pentafluoride, AsFs, is obtained by the continued action 
of fluorine on the trifluoride. It is a colourless gas which is 
decomposed by water. 

Arsenic tridUoride, AsClg, is the most important of the halides 
of arsenic, and was once Imown as ‘ butter of arsenic.' Arsenic 
bums when gently heated in chlorine gas (if finely divided it takes 
fire spontaneoudy), and the trichloride can be obtained by the 
action' of cMorine on the element or on many of its compounds, 
such as the trioxide. If the element is used the operation is usu^y 
carried out in a retort, and the trichloride purified by distillation. 
The volatility of the trichloride allows arsenic to be removed in 
this form frohl solutions, and this was formerly made u^ of in one 
process for the de-arsenification of sulphuric acid, but it is now more 
usual to mnoye the arsenic from the reactant ga^. 

Ars^iic tridUbride is a colourless fuming liquid of drasity 2*2. 
Its vapour ^ density corresponding with the formula AsC^ 
As the hydrolysis of t he trichloride produces arsenious acto the 
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vapotar of this substance is extremely poisonous. The liquid is a 
non-conductor of electricity, but it forms ionized solutions with 
such salts as will dissolve in it : in this it resembles hydrogen chloride. 
The reaction with water; 

2 AsCla +3H2O ^ AS 2 O 8 4“ 6HQ, 

is to some extent reversible, since arsenious oxide is mdidi more 
soluble in concentrated hydrochloric acid than in water: thel^ddition 
of water to arsenic trichloride may or may not produce a pr^^pitate 
of the trioxide, according to the temperature and the proportions. 
The trichloride will dissolve large quantities of chlorine, especially 
at low temperatures, but it is all given off again on heating, and 
the hydrolysis of such a solution produces no arsenic acid, only 
arsenious acid. This and other evidence makes the existence of 
a pentachloride unlikely. 

It is interesting to note that the bromine or iodine in electrovalent 
bromides or iodides will displace chlorine from arsenic trichloride 
when bromides or iodides are heated with this compound. The 
reaction is not always complete, but the most electronegative of the 
three halogens — ^i.e. chlorine — ^most readily enters into electrovalent 
combination. 

Arsenic iodides. — Like phosphorus, arsenic forms both a tri- 
iodide and a di-iodide, AS2I4. Each iodide can be obtained by 
direct union of the elements in suitable conditions, the former in 
carbon disulphide, the latter in a sealed tube at 230®. The tri-iodide 
is a red solid which is less affected by water than the other halides 
of arsenic, and can be recovered unchanged from solutions in 
hydriodic acid. The di 4 odide, which forms red crystals, is less 
stable than the tri-iodide, is readily oxidized in the air, and is 
decomposed by water with the precipitation of arsenic, the first 
stage of the reaction being: 

3As2l4=4Asl2-f 2 As I . 

The .molecular weight of arsenic di-iodide in carbon disulphide 
solution is found to correspond with the formula AS2I4. 

Absekic Sur.PHiDES, — ^Arsenic forms three well- 4 efined sulphides 
with the fommlae AS4S4, and As4S|rand other sulphides have 

been described. 

AS4S4, is found native in many parts of the 
world, and is known as orpiment. It is used as a pigment, and is 
manufactured for this purpose by sublimation of a mixture oj 
aiisenious oxide and sulphur. In the laboratory it can be prepared 
fey predpitating arsenious solution^ with hyd^en sulphide, n 
Ine Bolulion is add a yellow imedpitate is obtained, but in neutral 
solution the product is a stable cofloidal S(dution of the trisulphide. 
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solutions of this substance and of antimony trisulphide are so 
easily prepared that they have been used for many experiments 
on colloids. 

The trisulphide is easily oxidized by heating in the air, with 
production of the trioxide, but if heated in the absence of air it 
melts at about 320® and boils at about 700®. It is not among the 
least soluble of the sulphides, and is slightly hydrolysed by boiling 
water, while concentrated acid solutions liberate from it hydrogen 
sulphide. It is easily oxidized by nitric acid. It dissolves in a 
solution of ammonium polysulphide, forming a thioarsenite (see 
below), and this is made use of in analytical chemistry for the 
separation of arsenic (and antimony) from other elements. It is 
also soluble in caustic alkalis: the solutions contain compounds in 
which the oxygen of the arsenites has been partly or wholly replaced 
by sulphur, and which are therefore called thioarsenites. A large 
number of such compounds is known, corresponding with the various 
arsenites, and produced by reactions similar to the following: 

As4Se +4OH' =3 AsS2' + AsO^' +2H2O. 

Arsenic pentasulphide can be precipitated by hydrogen sulphide 
from cold very acid solutions of arsenates: 

2As04"'+6H*+5H2S=As2S6| + 8 H 2 O. 

If hydrochloric acid is used it must be cautiously mixed with the 
arsenate solution, for chlorine is evolved if the temperature rises 
too high. 

The pentasulphide resembles the trisulphide in appearance, and 
when heated to about 500° yields the trisulphide and sulphur. 
Heated in air at lower temperatures it slowly becomes covered with 
arsenious oxide, and it is hydrolysed by boiling, but not perceptibly 
by cold water. It dissolves in alkaline solutions to form thio- 
arsenates which bear the same relation to the arsenates as do the 
thioarsenites to the arsenites; they are derived from such acids 
as H8ASS4, HAsSa, and H4AsaS7. 

Arsenic di8nlplidde» AS4S4, occurs native as realgar in many parts 
of the :yvorld, and is used as a red pigment. It can readily be made 
artificially by distilling a mixture of sulphur with excess of arsenic. 
The colour of the product, and hence its commercial value, depend 
on the relative proportions used and on the other details of the 
preparation. o -i 

It is a red or reddish-yeUow solid which melts at 3 ^^.j boils at 
565*^# and can easily be sublimed in the absence of air, but if stron^y 
heated in air it bums. The vapour is yellow and can be sho^ by 
vapour-density measurements to be composed of AS4S4 molecules at 
temperatures not far above the boiling-point. It is insoluble in 
cold water and decomposed by boiling water. 
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PHYSiOLOGiCAt AcnoN OF Arsenic.~AU the soluble compounds 
of arsenic are virulent poisons, and arsenic in various forms has 
been used by poisoners for centuries, usuafly in the form of ‘ white 
arsenic," arsenious oxide. Immunity can be gained by sniill doses 
gradually increased, and in some parts of Europe (e.g. southern 
Austria) the practice of arsenic-eating is believed to improve the 
health. Once acquired, the habit cannot safely be reliMuished, 
and it is said that employees in arsenic works are obligedftto take 
arsenic with them when they go on hoKday, as they ot^rwise 
suffer in health from the, lack of the small quantities that nprmally 
enter their system. Organic compounds of arsenic are administered 
in small doses in medicine. 

Detectioii and Estimation. — ^Arsenic is fortunately among the 
most easily recognized of poisons. The bodies of those who have 
<ffed from its administration are often well preserved, a fact that 
can be attributed to the toxic effect of the arsenic on the bacteria of 
decomposition. Arsenic can be separated from organic matter by 
heating the latter with excess of sodium chloride and a little con- 
centrated sulphuric add; the arsenic distils over as the volatile 
arsenic trichloride, which is received in water. Hydrogen sulphide 
then predpitates the trisulphide from the solution. If only small 
quantities of this substance are obtained they can best be estimated 
by the weD-known test first described by Marsh (1836). and named 
after him. 

In this test the solution suspected to contain arsenic is added to 
a solution in which hydrogen is being generated. The arsenic is 
converted to arsine, AsHj, and if the issuing hydrogen is heated in 
a combustion-tube the arsine will be decomposed into its elements 
and a stain of arsenic will appear on the glass. The hydrogen was 
formerly generated from zinc and hydrochloric acid, but an electro- 
lytic method is now almost universal. However pure the zinc 
us^, it was never possible to prove with absolute certainty that 
the jriec^ used in the test really contained no arsenic, even though 
a number of other pieces from the same sample contained none. 
In the electrolytic method the hydrogen is generated by the electro- 
lyris of dilute sulphuric acid with a mercury cathode. These 
substances ate both liquids, and if the-apparatus pves a blank 
tmM brforc the suspwted solution is introduced it cannot be 
imggested that any arsenic found was originally present in the 



. and cathode compartments are separated by a poro^ 
^ _ ^ , and the whole cell is immersed in a cooling bath to 
^^ventli^ nmaiatuie decompositioh of my arrine. The hydrogen 
iasauig from the cathode compartment is dried by c^ciui» f 
and then passes into the combustion-tube, a section of wnicn 



GROUP V 647 

is electrically heated. A mirror, if any is obtained, wiU appear 
at this place. Any antimony present in the solution will form 
a mirn^ together with the arsenic, but it can be distinguished 



by its insolubility in a hypochlorite solution. The quantity of 
arsenic present is estimated by comparing the mirror with other 
mirrors made from known quantities of arsenic. 


Antimony 

Sb=i2i*76. Atomic Number, 51 

History* — Jezebel painted her eyes with stibium (SbgSj;, but is 
not to be regarded as an innovator of fashion, since the custom was 
widespread in ancient lS,gypt and the civilizations of Mesopotamia, 
Objects of metallic antimony dating from some thousands of years 
before Christ have Ix^n excavated, and the Moslem alchemists were 
well acquainted with methods of preparing the element from its 
sulphide, which they called kuhl or kohoL The name ‘ antimony ' 
is probably derived from the Greek avBefxaiviov, anthemonion, 
which was given to antimony sulphide on account of the petal-like 
appearance of the crystals in the naturally-occurring mineral 
Basil Valentine, a pseudonymous writer of the early seventeenth 
century, piade a thorough investigation of antimony and many of its 
compouiids, published his results in the celebrated monograph, 
The TrimfM Chariot of Antimony. ‘ Butter of antimony ' 
{SbQ|^ was ^prepared by Glauber, who correctly interpreted the 
readiiQn between mercnric chloride and antimony sulphide, while 
ef A (so named after Algarotto, about 1680, who 
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used it in medicine) was credited with wonderful qualities of re- 
juvenating power by Paracelsus (1493-1541). 

Oocomnee and Extraction.— Antimony is not a very abundant 
element. It occurs native, but the deposits are of no importance, 
and the principal ore, called stibnite, is the trisulphide Sb^Sj. 
Antimony ores occur in many parts of the world, including North 
and South America, China, and France. jj 

Unless the ore is an unusually rich one it must be concentrated 
before the reduction of the sulphide to the metal is attempted. \\ This 
is usually done by melting the sulphide in perforated pots, tl%ugh 
which it drips into vessels placed to receive it, while the mfvfeible 
impurities are retained. Several methods are available for the 
reduction of the sulphide. In one method the sulphide is healted 
with iron: 

Sb2Sg+3Fe=2Sb-f3FeS. 

Common salt is added to the mixture to produce a liquid slag with 
the ferrous sulphide; this slag forms an upper layer which can be 
removed. In another process the sulphide is raised to a high 
temperature in a current of air, to which steam may be added, and 
is thereby converted to the volatile trioxide SbgOg, which is collected 
in receivers. This trioxide is reduced to the metal by heating with 
coal, but to prevent its volatilization at the temperature necessary 
a flux such as sodium sulphate is added which forms a liquid slag 
under which the metal collects. Electrolytic processes have also 
been devised. 

Uises and Refinement — Metallic antimony is chiefly used in the 
manufacture of type-metal and other cast alloys, to which it 
gives hardness. 

Commercial unrefined antimony seldom attains a high degree of 
purity, and the metal is usually refined by fusing it in crucibles 
with various substances, such as caustic soda, to remove sulphur, 
or common salt to remove the more volatile chlorides. In the 
laboratory the purest antimony is prepared from antimony penta- 
chloride, SbClg, which is first chstilled under reduced pressure, then 
allowed to react with concentrated hydrochloric add, with which 
it forms a <x>mpound chloroantimonic add;®a complex of hydrogen 
chloride, antimony pentachloride, and watar. Tliis substance is 
tnedpitated in the cold, and by recrystallization from concentrated 
add can be obtained very pure. A dilute solution of 
conva^ it by hydrolysis to antimonic add, which is 
hdiled, mixed mtb potassium cyanide as reducing agent, and 
in a crucible. The resulting mass of antinomy is then ready 

fcsf use. ' , . A 

Vonuk — This eteomit exists in fonr distinct 
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fonns, and like other metals can also be 
state. 
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prepared in the colloidal 


Grey or ^dinary antimony is a stable crystalline substance with 
a density of 6*7, and metallic conductivity. 

Yellow antimony is much less stable than the corresponding 
varieties of phosphorus and arsenic, and very low temperatures 
are required for its preparation. It can be obtained by passing 
oxygen and antimony hydride into liquid ethane at — ioo°- 


4 SbH 3 + 302 = 4 Sb | + 6 H, 0 , 

and blackens rapidly even at very low temperatures. 

Black antimony , — ^This fom is unstable at room temperature, 
and can be obtained by rapidly cooling antimony vapour, prefer- 
ably on a surface cooled with liquid air. It is chemically more 
reactive than the ordinary variety, and is oxidized at a much lower 
temperature by the air, and is also less dense (density 5-3). It 
reverts to the grey variety on heating. 

Amorphous or explosive antimony is an impure form obtained 
on the cathode by the electrolysis of concentrated solutions of 
antimony trichloride in hydrochloric acid. It is always associated 
with a small percentage of the chloride. It can be kept indefinitely 
at room temperature, but if heated to 125° or over, or if sharply 
struck or even scratched, it grows hot and reverts to the crystalline 
form, simultaneously emitting fumes of antimony trichloride. It 
has been shown by the X-ray method to be amorphous. This 
variety is unstable at all temperatures; its density is 5-8. 

General Properties. — Ordinary antimony is a soft grey metal which 
melts at 630® and boils at 1325®, with electrical conductivity about 
4 per cent of that of silver. The vapour density corresponds 
with Sbg at low temperatures and with Sb above 2000®. Its stan- 
dard electrode potential is probably rather less than that of bismuth, 
and may be about -|-0’2 volt; it is in any case not far from that 
of hydrogen, and antimony will not dissolve in hydrochloric or 
sulphuric acids, whether concentrated or dilute, in the cold. 

Aiitimony will bum in air or oxygen, forming the trioxide, but 
it must be strongly heated first. In the presence of water the metal 
can be oxidized at a lower temperature — e.g. by blowing air through 
a suspension of the finely-divided metal in boiling water. Antimony 
reacts very vigorously with the halogens, and less vigorously with 
phosphorus and sulphur, but it will not combine (meetly with 
hydrogen at any temperature. It is a less effective reduan^ agent 
than asrsenic, and will not, for example, reduce solutions 01 
meroiric salts. - , 

Amnw Mcid*. tHbine, SbH,.-’nus is the 
<^tnpound of antimony and hydrogen. It can be produced by tne 
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action of nascent hydrogen, either electrolytic or from zinc and 
adds, on antimony compounds, these methods being very sinular 
to those used for the preparation of arsine, but is more generally 
prepared by the action of dilute acids on an alloy of antimony and 
magnesium. This substance, prepared by heating the metals 
together in a stream of hydrogen, is placed in an apparatus not 
unlike that used in the preparation of the hydrides of boron (p. 522), 
and is gradually added to an excess of dilute hydrochlo^ acid, 
kept at 0° to minimize the decomposition of the product\ The 
issuing gas consists of stibine with a large excess of hydrqgien; it 
is washed, dried, and passed through a condenser cooled', with 
liquid air, in which the stibine collects. It may be purifiei^ by 
fractional distillation at a low temperature. 

Stibine is a colourless gas which can be condensed to a liquid at 
—17° and to a solid at —88®. It has a peculiar smell and is probably 
as dangerous a poison as arsine. It is an unstable gas which even 
at low temperatures readily decomposes into its elements, the 
change taking place for the most part on the walls of the containing 
vessel (compare the much stabler phosphine). Consequently it can 
be kept for a few days at longest. It is decomposed by heat even 
more ea^y than arsine, and antimony compounds give a positive 
result in Marsh’s test (p. 646), though the antimony mirror can 
without difficulty be distinguished from arsenic by its insolubility 
in hypodilorite solutions, and by other methods. Stibine is not 
very soluble in water, but it can be absorbed by solutions of silver 
nitrate, from which it precipitates silver, antimony, and other 
substance. 

AntimonidM. — ^These substances are usually prepared by union 
of the elements, but a few of them occur native. They resemble 
the arsoiides, but are less stable towards air and water; some of 
thm can be ignited by percussion. 

Oxides of Antimony. — ^Antimony forms a trioxide, a tetroxide, 
and a pentoxide; these compounds having the formulae Sb^O,, 
Sbt 04 ,.aiul Sb|0(, 

Antimnnv triockte, antimonioM oariMte, SbtOa, is one of the 
pcoducts of combustion of the metal in air or oxyg^ at compara- 
tfvdy low temperatures, but considerable quantities of other oxides, 
notably ^ tetroxide, are produced at the same time; and as this 
af^)^ to the roasting of the sulphide, a wet method of pre- 
paration M nmally^ prefen^ Solutions oi antimonious salts may 
M laeciiKtated udth ammonia: 

aSb'"+ 60 H'«Sbi(^:i. +3HA 

bnt if caustic alkali isjised tte pmdpitate is 
locming an antimrsiite solution. . 
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The trioxxde is a colourless solid which melts at 548^ and boils 
at above 1500®; in the absence of air it can be distilled The 
vapour density corr^ponds with the molecule Sb40e, but this 
dissociates at very high temperatures. When strongly heated in 
air the trioxide bums with the formation of higher oxides. It is 
nearly insoluble in water— only o-i gm. per litre at 100®— so 
antimonious acid cannot be directly prepared from it. The trioxide 
is, however, soluble in either acids or bases, and is amphoteric. 
Like arsenic trioxide, it can be reduced to the metal by heating in 
a current of hydrogen, but it is a less vigorous reducing agent. By 
fusion with sodium or potassium nitrate an antimonate is obt^ed. 

When antimony trioxide is boiled with a solution of potassium 
hydrogen tartrate, a solution of potassium antimonyl iarWaitt 
' tartar emetic,' (K(Sb0)C4H40e)2.H20, is obtained. This is one 
of the commonest compounds of antimony, and is used in medicine 
as an emetic, but in quite moderate doses it is a dangerous poison. 
It is also used as a mordant. 

Antimonious acid and the antimonites.— Compounds of antimony 
trioxide and water have been obtained by indirect methods, and 
may be classified as * antimonious acids.' Antimonites may be 
obtained without difficulty by treating the trioxide with bases 
either in the solid state or in solution. The considerable hydrolysis 
of these solutions indicates that antimonious acid, as would be 
expected from the amphoteric nature of the trioxide, is a very 
weak electrolyte. The antimonites are less stable and less important 
than the arsenites. 

Sodium antimonites NaSb02.3H20, is obtained by boiling the 
trioxide with concentrated caustic soda: 


Sb404 aOH =4^ aSb02 “{”21120, 

and is one of the few sodium salts to be nearly insoluble in water 
(see also sodium antimonate) ; it is, however, hydrolysed by boiling 
water. 

Antunoiiy totioxide^ Sb204, is the oxide of antimony most stable 
in ai|: in the region 600^-700®, and is prepared by prolonged igmtion 
of either of the other oxides at this temperature. Overheatmg 
leads to loss of oxygen and formation of trioxide. The tetroxide 
is a colourless solid which decomposes before it melts. It is not 
markedly soluble in water or in acids, but when fused with alkahs 
it forms a series of compounds, with formulae such as K2Sb204 or 
K2Sb|09, call^ the kypoaniifnonates. Some of these are soluble 
in wat^ and yield solutions with oxidizing powers; th^ will, for 
example, lipberate iodine from acid iodide solutions, 'pus power 
ei a series of salts distinguishes the tetroxide of antimony 

from, that of arsenic. 
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ibitimony peatonde, 86205, is precipitated when a solution of an 
antimonate is acidified, preferably with nitric acid, and can also be 
prepared by boiling one of the lower oxides with concentrated nitric 
acid and evaporating once or twice to dryness with fresh acid. The 
residue must not be heated to too high a temperature or it loses oxygen 
to form the tetroxide, but it tenaciously retains water, so it must be 
dried by careful and prolonged ignition at rather less than 40^®. 

It is a pale yellow substance which darkens on heatiig and 
decomposes before it melts. It is only slightly soluble in^ater, 
nor does it readily dissolve, in acids, but it will dissolve slo^iisrly in 
solutions of the caustic alkalis, forming antimonates. , Its ^mall 
solubility in water distinguishes it from the pentoxide of arsen^. 

Aniimonic add and &e antimonates. — ^The formulae of these 
salts differ from those of the phosphates and arsenates, because 
antimony readily becomes six-covalent (cf . stannates and plumbates). 

Potassium antimonate, KSb(OH)5.JH20, is prepared by fusing 
the pentoxide with caustic potash, or by fusing potassium antimonyl 
tartrate with potassium nitrate and recrystallizing the product from 
water, in which it is not very soluble. 

Sodium antimonate, NaSb (OH)e, is one of the few nearly insoliible 
salts of sodium, and is sometimes used in analysis. It is precipitated 
when sodium salt solutions are mixed with solutions of potassium 
antimonate, and when dried at 100® has the composition shown by 
the formula. 

Antimonic acids of various formulae are precipitated by acidifying 
solutions of these and other antimonates; they are weak acids only 
slightly soluble in water. The acids and tiieir salts are feeble 
oxidizing agents which will liberate iodine from acid iodide solutions. 

Antimony Halides. — ^The melting- and boiling-points of the 
principal halides of antimony are shown in the following table: 



SbF^ 

SbCl^ 

SbBr^ 

Shh 

SbF^ 

ShCh 


^90® 

73 ° 

96° 

167° 

r 

5 ° 

Boiling-point 

6Ubl. 

241“ 

288® 

(4oo») 

150 ® 

decomp. 


The Principal Halides OF.jaLNTiMONY 


They can all be prepared by direct combination, which is always 
accompanied by the evolution of heat and light. They are very 
hjrgroscopic substances, and with the exception of the tii-iodide 
colourless. They are all very soluble m water, and are less 
easily hydrolysed than the halides of gofsenic, for it is often possible 
to recover them by evaporati<m of their aqueous solutions if these 
are sufiRdently concentrated,. By warming in the air they are 
leadfly ccmverted to oxides or oxyjhalides. 




GROUP V 653 

They are more salt-like in character than the halides of arsenic 
but have many covalent properties. Thus they are poor conductors 
of electncity and are soluble in organic solvents, while they are 
much too volatile to be true salts. 

Antimcmy ^uoride, SbFg, is prepared by dissolving the trioxide 
in hydrofluoric acid and evaporating until crystals begin to appear. 
Like all fluorides which are easily hydrolysed, it cannot be kept iii 
glass vessels: gutta-percha or celluloid is‘'usually preferred for this 
purpose. It is a colourless solid which does not fume in the air, 
and can be recovered from its solutions (it is exceedingly soluble in 
water) by evaporation, but it is slowly hydrolysed by moist air. 

It readily forms complexes with many classes of substances, 
including gaseous ammonia and the fluorides of the metals; thus 
with potassium fluoride it forms a compound, KSbF4, very soluble 
in water, and yielding in solution the ion SbF^'. 

Antimony pentafluoride, SbFg, prepared by union of the elements, 
is a colourless and very hygroscopic liquid. It is very soluble in 
water, which does not immediately hydrolyse it, at any rate in the 
cold, since the solution remains clear. The boiling-point of this 
substance is more than 200° above that of the corresponding 
compound of arsenic. 

Antimony triohloridet SbCls, once called ' butter of antimony/ 
can be obtained by dissolving antimony trisulphide in concentrated 
hydrochloric acid: 

Sb2S3+6HCl=:2SbCl3+3HaS t, 

but is best prepared by the action of chlorine on antimony, which 
proceeds vigorously at ordinary temperatures. The pentachloride 
is usually produced at the same time; this is reduced by boiling 
the product with powdered antimony, and the trichloride is then 
purified by distillation, which may be followed by recrystallization 
from carbon disulphide. 

Antimony trichloride is a colourless, very hygroscopic solid 
which absorbs water from the air to form a turbid liquid cont^ning 
various oxychlorides. By treating it with a suitable quantity of 
water the oxychloride SbOCl can be obtained; this is, however, 
soluble in hydrochloric acid: 

SbO'+H-;?^Sb-+OH', 

and antimony trichloride dissolves in the con^ntrated acid un- 
changed. From its concentrated aqueous solutions it can also be 
recovered by evaporation. It forms complexes with one, two, or 
three molecules of ammonia per molecule of trichloride, and with 
numerous othar substances. The density of its vapour shows it 

to have the formula SbC^. . . . xi. 1 

pMtachlOfMet SbClj, is obtained by the actam 01 



654 THEORETICAL AND INORGANIC CHEMISTRY 

chlorine on the metal or the trichloride. The excess of chlorine 
is r^oyed by a current of dry air and the product purified by 
distillation in a vacuum. It is a colourless, very hygroscopic liquid 
which fumes in the air. With a little water it forms a crystalline 
hydrate, SbCl^.H^O, from which the water can be removed by 
careful heating imder reduced pressure, hut it is irreversibly hydro- 
lysed by excess of water. Like phosphorus pentachloride, it {Suffers 
on heating a reversible dissociation into the trichloride and cmorine. 
This takes place considerably below the boiling-point, the 
pentachloride can be distilled tmchanged at 6o°-7o® unde^ low 
pressure. With chloride solutions it forms stable complex ! ions 
SbCl^', and the corresponding salts, such as KSbCle, are callrf\ the 
chloroantimonates. 

Antimony tri-iodide, Sblg, is obtained by treating a carbon 
disulphide solution of iodine with excess of antimony, filtering and 
evaporating the solution. It occurs in three different crystalline 
forms, of which two are yellow and one red. When heated in the 
air it loses iodine and forms an ox5dodide. It is decomposed by 
water, but dissolves without change in solutions of hydrogen 
iodide, and is soluble in various organic liquids, from which it can 
be recrystaUized, In certain solvents the tri-iodide is associated, 
but its vaTOur density corresponds with the simple formula Sblg. 

Qiyhaliflbk — Of the numerous known oxyhdides of antimony, 
only anUmonyl chloride, SbOCl, will be mentioned here. It is a 
white crystalline substance, insoluble in water but soluble in 
certain organic liquids, and is obtainable by treating antimony 
trichloride with a carefully regulated quantity of water: 

SbClg-fHgO^SbOCU -faHCl. 

The reaction is reversible, and this compound strongly resembles 
Irfsmuth ojgrchloride (p. 660). 

Antimoky Sulphides. — ^Antimony forms a well-defined tri- 
sul|Mde, SbgSs, ami also a pentasulphide, SbgSg, but the existence 
of a tetrasulphide, SbgS4, is uncertain. 

Antt&OBy triidgiiMe, SbgS,, occurs in nature as stibnite, the 
principal ore of antimony. It can be artificially prepared by heating 
the elements together or by the action of l^ydrogen sulphide on a 
hot solution of the trioxide in hydrochloric acid. If the solution 
is made very weakly add (e.g. with acetic add) and is dilute, a 
CoMdal sdution is obtained. The i^edpitation is reversible: 

and antimony tsiaadplude, which is rather more sdlable than 
arsenic trisolphide, has been used as a source of pure hydrogen 
sukhide. 

The predicted sulphide is an orange-red amorphous substance, 
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but if heated to over 200® in the absence of air it undergoes a change 
and becomes black and crystalline. It melts at 520® and boils at 
1180®, but burns if strongly heated in the air or in oxygen. 
arsenic trisulphide, which it much resembles, it is slowly decomposed 
by boiling water and dissolves in sulphide solutions or in caustic 
alkalis. The products are called thioantimonites, 

Antunony pentasidphides Sb2S5, is precipitated by hydrogen 
sulphide from solutions of antimony pentoxide in hydrochloric 
acid of carefully chosen concentration (12 per cent), cooled to — 20® 
in a freezing mixture. The product of this reaction contains not only 
the pentasidphide, but also free sulphur, removed by carbon disul> 
phide. It is a brilhant yellow, orange, or brown powder, which on 
warming (70®) forms lower sulphides and releases sulphur, a property 
making it a useful vulcanizing agent for rubber, which assumes the 
familiar red colour. 

Antimony Salts. — ^The basic properties of antimony trioxide 
are not strong, and antimony forms soluble salts only with the 
anions of the strongest acids; they are all hydrolysed in solution. 
No quinquevalent salts are known, the pentahalides being unmis- 
takably covalent. 

Antimony sulphate* Sb 2(804) 3, can be obtained by dissolving the 
trioxide in hot concentrated sulphuric acid and cooling. The 
colourless crystals are washed free from acid with xylene. The 
crystals are deliquescent and are hydrolysed in the cold to a basic 
sulphate and by boiling water to the trioxide and sulphuric acid. 
By carefully regulated hydrolysis in the cold, antimonyl sulphate, 
(Sb0)2S04, can be obtained (compare antimonyl chloride). It is 
a white powder, insoluble in water, but soluble, as might be expected, 
in acids. 

Antinumy nitrate* Sb(N08)3, cannot be prepared in aqueous 
solution, since it is decomposed by water, but can be obtained 
by mixing acetone solutions of silver nitrate and antimony tri- 
chloride. 

Detection and 0! Antunony.— Many compounds of 

antimony, though not so deadly as those of arsenic, are yet powerful 
poisons, and the detection of traces of this element is of great 
importance. If arsenic is absent. Marshes test can be ^ used. 
Several methods are available for the separation of ajitimony 
from arsenic sind other elements. One of the best is to dfesolve 
the mixed sulphides of antimony and arsenic in a solution ^ of 
sodium stdphide, and to precipitate the antimony from tWs solution 
as sodium antixnonate by the addition of caustic soda and hydrogen 
peroxide: 

a^>Sj’«4.aNa'+8H5),=2NaSb(OH), 4- +6S + 4 OH . 
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Alcohol is added to the liquid to reduce the solubility of the pre- 
cipitate* If other met^ are absent, antimony is usually 
precipitated from slightly acid solution by hydrogen sulphide as 
the trisulphide, and this is converted to the black crystalline 
form by heating at 300® in a stream of carbon dioxide; it is then 
weighed. 

Bismuth 

Bi=209*oo. Atomic Number, 83 

History. — Bismuth was unknown to the ancient chemists, ;br, if 
known, was considered to be a kind of lead. The nanie wtspiath 
was given by Rulandus {Lexicon Alchemiae Rulandi, Frankfort, 
1612) to a certain metallic sulphide, but the name was afterwards 
applied to a new element, bismuth. ‘ Wismath ' is derived from 
wh mdt or weisse Masse, white mass or metal; the w was changed 
into b for the purpose of writing the name in Latin, from the 
alphabet of which language the letter w is missing. Bismuth and 
its compounds were studied by Paracelsus and Agricola, and 
more especially by Basil Valentine, but Bergman (eighteenth 
century) first carefully distinguished between it and antimony, 
tin, and lead. The French chemist L^mery (1694) considered 
that bismuth was not a distinct metal, but that it could be obtained 
from arsenic and tin. It was Geoffroy (1753) who first definitely 
proved that bismuth is a specific substance with certain similarities 
to lead. 

Oceuneuoe and Extraction. — Bismuth is not one of the commoner 
elements, though it occurs in small quantities in many parts of the 
earth. The principal deposits of bismuth are in Bolivia, where 
the metal is foimd native and associated with tin. The ores are 
concentrated by washing, and a considerable proportion of the 
' concentrate ' so obtained is shipped to European ports for ex- 
traction. Ores cohtaining the native metal are usually treated 
by liquation, that is, the ores are heated with or without the addition 
of a flux (sodiuni carbonate and lime), and the molten metal is run 
off at the bottom. Its purity depends greatly on the nature of the 
»re, and it is usually necessary to refine iUby one or more further 
idi^tions with suitable fluxes. The preparation of pure bismuth 
Kfie laboratory is a difficult task, on account of the tenacity with 
small quantities of lead and arsenic are retained, most un- 
Parable inmurities if the product is to be put to medicinal use. 

methods are available, most of them relying on the pre- 
baticm of the bismuth either as the basic nitrate or the oxy- 
Alternatively^ the bismuth is precipitated as hs^droxide, 
^ this ^ dissolved in of caustic soda solution containing 
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glycerol. Easfly reducible metals are now removed and filtered 
off by the addition of sugar (a reducing agent) in the cold; the 
bismuth IS precipitated only on boiUng. The product is melted 
with potassium cyanide, to prevent oxidation, and then forms a 
coherent mass of the pure metal. 

Elementary Bismuth.— Bismuth is the only element of the series 
P— As— Sb— Bi not to display allotropy. It is a lustrous soft 
white metal with a density of 9-8; it melts at 271® and boils at 
1560*^. T^e density of the vapour (which is green in colour) corre- 
sponds with a monatomic molecule at high temperatures, but some 
association takes place near the boiling-point. 

Bismuth is stable in cold air, whether moist or dry, but if heated 
it forms a surface coating of oxide, and if very strongly heated in 
air or oxygen it can be made to bum. Its standard electrode 
potential is probably intermediate between those of arsenic and 
antimony, i.e. about -f 0-2 volt, and it is unaffected by acids except 
in so far as they are also oxidizing agents. It will dissolve in hot 
concentrated sulphuric acid, which it reduces to sulphur dioxide, 
or in nitric acid, but in the concentrated acid is assumes the passive 
state (p. 423). Bismuth combines with the halogens, but a good 
deal less vigorously than does arsenic or antimony. 

The metal is used in fusible alloys, in which it is often associated 
with tin, lead, and antimony: these alloys are used in electric fuse- 
wire and in automatic sprinklers designed to extinguish fires. As 
bismuth expands on solidification, its alloys are much used for 
casting type-metal. Bismuth is one of the elements jpf highest 
atomic numb^ whose compounds are non-poisonous: an insoluble 
bismuth salt is therefore given to patients before examination by 
X-rays of the digestive tract. 

Bismuth hydx&e, formula unknown, probably BiHj, is the most 
difiicult of aU the hydrides of the nitrogen-bismuth group of 
elements to prepare. After many imsuccessful attempts had been 
reported, Paneth, by the radioactive indicator method, showed 
that such a compound did exist, and was able to work out a method 
for preparing identifiable quantities of it. An alloy of bismuth and 
magnesium, obtained by heating these elements together in a 
current of hydrogen (compare antimony hydride), is treated with a 
not too dilute acid in Marsh's apparatus, containing zinc and 
hydrochloric add, and a stain resembling that produced by antimony 
is found in the heated tube. Alternatively the gaseous hydride 
niay be collected in a condenser cooled with liquid ai. The yield 
obtained is, however, too small for a thorough e^camination of the 
properties of this substance to be made. j j 

C^OBS AND Hyproxipes. — ^B ismuth forms a well-d^ned 
Bi,P^, but the existence of higher oxides is stih uncertain. Unlike 
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the corresponding oxy-compounds of other members of the group, 
bismuth hydroxide is devoid of acidic properties. 

BkamXk irioxide, BisOs, is the product of the omibustion of 
bismuth in air, but is more conveniently obtained by strongly 
heating the basic nitrate or carbonate. If^ however, the tempera- 
ture rises too high — e.g. above 700°-r‘the oxide melts and then 
attacks porcelain. It can also be obtained by heating lithe tri- 
hydroxide, Bi(OH)8, precipitated from bismuth solutions by \ caustic 
alkalis. As, however, this process usually leads to the i^usion 
of a little basic salt in the precipitate, it is best to use a solMion of 
the basic nitrate to which glycerol or mannitol has been added. 
From such a solution caustic alkahs precipitate the pure base; 

Bismuth trioxide is a yellow sohd which darkens on heating. It 
can without difficulty be reduced to the metal by heating in 
hydrogen. It is insoluble in water, but it dissolves in acids to form 
bismuth or bismuthyl salts. It remains completely unaffected by 
even concentrated solutions of the caustic alkahs, and no trace of 
acid function can be detected. The trihydroxide is a colourless sub- 
stance which is converted to the oxide not much below 600®. 

Bumuih ieii0xid6» Bi204, is obtained by oxidizing the trioxide, 
suspended in boihi^ concentrated caustic potash, with potassium 
fenicyanide. The product is washed with boiling dilute nitric 
acid, and dried by heating. It is a dark-coloured substance and 
has oxidizing properties: it will hberate chlorine from hydrochloric 
add. 

Bismufli peniondey BisOs. When in place of potassium ferri- 
cyanide chlorine is used as oxidant acting upon bismuth trioxide 
suspended in concentrated alkah solution, the product is an orange- 
coloured insoluble powder, commonly caU^ a * bismuthate,* but little 
is known with certainty about its composition. It has been asserted, 
but not confirmed, that a pentoxide BigOs can be obtained from it 
by treatment with add. ‘ Bismuthates,' however, certainly contain 
some powerful oxidant, converting, for example, manganous salts in 
nitric^acid solution to permanganic add at ordma^ temperature, and 
they are used for this purpose in the determination of manganese in 
steel. 

Hatides.— B ismuth reaches the quinquevalrat state less readily 
than either arsenic or antimony, and the pentafluoride is the only 
known pentai^de. Bismuth forms, however, a number of oigano- 
compounds of the general type (CeHj),BiX*, where X represents 
various anions. All the bismuth t^alides are known and stable. 

to have prepared an oxide and halides of bivalent 
se^ not to be well founded. Tlie trihalides are solids, and are 
much less volatile and more salt4ike than their arsenic and ^timony 
analogues; excepting tl^ trifiuoride they are hydrolysed 
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water— but can form stable solutions in acids. Bismuth, unlike the 
other members of the subgroup, fails to yield halogeno-complexes 
of the type all attempts to prepare KBiFe have been 

unsuccessful. 

Bismuth peutafluoride, BiFg. Bismuth trifluoride absorbs fluorine 
rapidly at $ 00 ^, and the pentafluoride sublimes as colourless needles, 
being more volatile than the lower fluoride owing to its covalent 
constitution. It reacts with wato violently, yielding the trifluoride 
and some ozone. The composition was confumed by reduction to 
bismuth in hydrogen, which is rapid at 150®. The vapour density 
has not yet been observed. 

Bismuth trifluoride, BiFs, is obtained by dissolving the trioxide 
in hydrofluoric acid, or can be precipitated by soluble fluorides 
from solutions of bismuth nitrate in dilute nitric acid (the acid is 
necessary to prevent hydrolysis of the nitrate). It is a colourless 
solid which can be fused without decomposition, and is the only 
halide of the subgroup to be insoluble in water, by which it is 
unaffected even on boiling. 

Bismuth trichloride, BiClj, is obtained by heating bismuth in a 
stream of dry chlorine, when the trichloride condenses in the cold 
part of the apparatus. Alternatively it may be prepared by dis- 
solving the trioxide in concentrated hydrochloric acid. The solution 
is evaporated to dryness and the trichloride is distilled off in a 
current of carbon dioxide. It is a colourless crystalline substance 
which melts at 233® and boils at 447°; its vapour density shows it to 
have the normal molecular weight. It is very hygroscopic, and when 
added to a large quantity of water is hydrolysed with the formation 
of the oxychloride BiOCl: 

BiCla+HaO^BiOCl+zHCl. 

but dissolves unchanged in sufiftciently concentrated hydrochloric 
acid. It is also soluble in hydrocarbons and other organic liquids 
and can be recrystallized from them. 

Bismuth tribromidd, BiBr3, is obtained by the action of excess 
of bromine on bismuth, and is purified by distillation. It is a 
yellow crystalline substance, melting at 220® and boiling at 453*^ 
without decomposition to form a deep red vapour. Its behaviour 
with waiter is similar to that of the trichloride. 

Bisumth tri4odi^ Bilj, is obtained by heating the elements 
together* The excess of iodine is then driven off in a cunrent of 
carbon dlp^dde and the tri-iodide is purified by distillation. It 
forms black crystals which melt at 439®. It is hydrolysed by water, 
but only very slowly in the cold, and it dissolves in acids to give 
a brown solutioiiu j 

OxySouUBES.— With all the halogens bismuth forms oxyhali<w 
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of a type which may be represented by the best-known member, 
BiOCL They can be pre^red by the hydrolysis of the trihalides, 
since they are all insoluble in vrater, but the stability of the trifluoride 
towards water precludes this method of preparation, and the 
oxy^uoride must be obtained by the carefully regulated action of 
hydrofluoric acid on the trioxide. 

Bfamanth oxydilotide, bumutbyl ohloride» BiOCl, is precipitated 
when bismuth trichloride, or a solution of the trioxide in concen- 
trated hydrochloric add, is largely diluted with water|\ This 
reaction is often used for the detection of antimony and bispiuth. 
The reaction is usually given as : \ 

Bi" +H*O^BiO‘-|-2H', 


and is perfectly reversible, as the oxychloride is soluble in hydro- 
chloric acid of sufficient concentration. A dear solution can be 
predpitated by dilution because three ions appear on the right-hand 
side of the equation but only one on the left; an equal fractional 
reduction of the concentration of all three therefore affects the value 


of the expression - — iiciJixC uidkuius) uic cqumuiigiiii. 

The oxychloride is a white powder only slightly soluble in water 
and chemically unaffected by it even on boding: it can be melted 
without decomposition. 

Bismuili trisolphide, 61283, is the only known compound of 
these two elements, the reported existence of sulphides of other 
compositions having proved illusory. It can be prepared either by 
heating the elements together or by precipitating a slightly acid 
solution of a bismuth salt with hydrogen sulphide; and in an 
impure form it occurs free in nature as hismdhinite. It is not among 
the most insoluble of the sulphides, and in very concentrated acid 
solution hydrogen sulphide at atmospheric pressure will not 
precipitate it. 

It is a dark brown- substance scarcely affected by heating in air, 
nor isrit decomposed by boiling water. These properties distin- 
guish it from the trisulphides of arsenic and antimony, and in 
analysis it is e^y separated from them by its insolubility in dilute 
sulphide solutions,^ though if the solutions*' are concentrated some 
bismuth trisulphide di^lves to form a thiobismuthite. These 
oon^Kmnd^ are much less stable than the corresponding thioanti- 
momtes or riuoars^ites, and the soluble members are decomposed 
bjr water, so they are ususdly marie either from ve:^ concentrated 
s^c^bide solutions or by fusing bismuth trisulphide with other 

Bjsmuth Ion. — The ion Bf" so rea^y unde^oes hydrolysis, 
Rri& 4he formation of In^utliyl compounck, that it can exist only 


[BiO ] [H ]2 


and hence disturbs the equilibrium. 
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in acid solutions , but a number of bismuth salts have been prepared 
in the dry state, as well as a series of bismuthyl salts. The latter 
are insoluble in water but soluble in acids. 

Bismuth sulphate^ 212(804)3, is prepared by evaporation of a 
solution of the trioxide in concentrated sulphuric acid. It consists 
of colourless crystals which can be heated to 400° without decom- 
position. The salt is very hygroscopic, and with water forms 
bismuthyl sulphate, {Bi0)2S04, a compound which can also be pre- 
pared by heating it strongly: 

Bi 2 (S 04 ) 3 = (310)2804-1-2803 f . 

It is a colourless powder insoluble in water but soluble in acids, 

Bismutti nitrate, Bi(N03)3.5H20, is obtained by dissolving the 
trioxide in hot nitric acid and cooling the solution, but it is impos- 
sible to remove all the water from this salt, either by heating or 
in a vacuum desiccator, without decomposing it. It is freely 
soluble in nitric acid, but if the solution is diluted a basic nitrate of 
variable composition is thrown down. The name bismuthyl mtrate 
is given to the compound Bi0N03.2H20 obtained by gently heating 
the normal hydrated nitrate. 

Bismuthyl carbonate, (Bi0)2C03, can be precipitated by carbonate 
solutions from solutions of bismuth nitrate in which hydrolysis 
has been prevented or reduced by the addition of mannitol, with 
which bismuth probably forms a complex. Bismuthyl carbonate 
decomposes on heating: 

(Bi0)2C03=Bi203-f CO 2 1 • 

Bismuth phosphate, BiP04, can be precipitated by adding a 
soluble phosphate to a solution of bismuth nitrate in dilute nitric 
acid. This is one of the least soluble salts of bismuth and is con- 
sequently scarcely affected even by boiling water, nor will it dissolve 
in acids. 


8UBGROUP A 

Vanadium, Niobium, and Tantalum 
Vanadium 

' V= 50*95. Atomic Number, 23 

HWoiy.— Vanadium was discovered in 1830 by Sefstr 5 m in a 
Swedish iron ore, and was given the name which it now b^rs aft^ 
Vanadis, a goddess oi Scandinavian mythology. It was subse- 
quently shown that the same element had been discovered ^)me 
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ibkty years before by del Rio, who, however, further mvestiga- 
tion had come to the coudusion that no new element was present 
in the Mexican mineral on which he had based his daim. 

Oeeamnoe and Eztiactiim. — ^The quantities of vanadium ex- 
tracted from its ores are still comparatively small, though the 
element is now known to be comparatively abimdant: more 
abundant, for example, than copper. it 

The principal source of vanadium is patroniU, a mixture of 
vanadium sulphides found in Peru. This is mixed with \ a flux 
and roasted in a reverberatory furnace, when the vanadium\passes 
into the slag, which is then reduced to feno-vanadium in a\blast 
furnace. The ‘ acid extraction * process has also been Widely 
used, particularly for the poorer deposits. In this process the, ore 
is crushed and heated with fairly dilute sulphuric acid at 200® under 
a pressure of fifteen atmospheres. The solution is then filtered 
and evaporated to dryness; the product contains the vanadium and 
is heated strongly to convert it to the oxide. It is mixed with 
sodium carbonate, roasted in the air, and dissolved in hot water, 
from which carbon dioxide will precipitate any aluminium as 
oxide. Sodium vanadate can be obtained from the solution by 
concentration. 

Elemantaiy Vanadium. — In the early researches of Berzelius, 
the oxychloride VOClj was mistaken for the chloride, and the oxide 
VO for the element. The preparation of vanadium presented 
unus^ diflBculties that have not yet been completely overcome; 
the metal forms oxides and nitrides of great stability from 
whidi it cannot easily be extracted. A 95-per-cent product can be 
obtained from the pentoxide and aluminium powder by the Gold- 
schmidt process, and a somewhat purer substance by reducing the 
chlorides with hydrogen, sodium, or sodium hydride. Attempts 
to prepare the metal by electrolysis of aqueous solutions of its 
compounds have been unsuccessful. 

Vanadium is a grey lustrous metal with a density of about 6; 
it is the hardest of all metals. It melts at 1720®. It is oxidized by 
heating in the air, and bums if heated in oxygen, but it is quite 
imaffected by water. Among the adds, only hydrofluoric acid 
and the oxidizing adds vrill dissolve it. J[t will combine directly 
with chlorine, nitrogen, dlicon, and other elements. 

Scans mne-tentha of the world's output of vanadium come into 
commaroe in the form of feno-vanadium. The addition of vana- 
to stad inoreases the toughness and the tensile strength, 
and sudi steel is used in high-speed tods and the parts 01 
maidiiiiery — e.g. of motor cars — whi^ have to withstand frequ^t 
abode. The vanadium is added, in a proportinn of less than 
a ^ cent, as a ferro-iwiadium containing between 25 per cent 
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and 50 P®r of the element, usually prepared by the thwrtwit 
process. 

Vanadium Compounds. ^Vanadium has well-marked, valencies 
of two, three, four, and five, and all the corresponding oxides 
are known. 

Vanadnim dio^de, VO, is prepared by heating an intimate mixture 
of the trioxide with vanadium to a high temperature, and is insoluble 
in water but soluble in acids, with which it yields violet solutions of 
hypovanadous salts, containing the bivalent cation V'*. These solu- 
tions can also be prepared from solutions of other vanadium com- 
pounds by reduction with sodium amalgam or at a cathode, and the 
hydroxide V(OH)2 can be precipitated from them by the addition 
of caustic alkalis. The oxidation potential of the change V“’->V*' 
is — 0*2 volt, and the h 3 ^ovanadous compounds, in which the 
element is bivalent, are among the strongest of reducing agents — 
compare the bivalent compounds of the adjacent element chromium. 
In acid solution they fairly rapidly evolve hydrogen, and even 
the insoluble hydroxide slowly decomposes water. They have 
been used in the dearsenification of commercial hydrochloric 
acid, as they will reduce arsenic chloride to arsenic, which can be 
filtered off. 

Vanadium trioxidet V2O3, is obtained by reducing the pentoxide 
with hydrogen at a moderate temperature. It is a black substance 
with a very high melting-point, and bums when heated in the air: 
it will dissolve only in the oxidizing acids. Solutions of vanadous 
salts, in which vanadium is tervalent, must therefore be obtained 
by reduction of solutions of other vanadium compounds, and this 
can be carried out either electrolytically or with magnesium or 
zinc. The resulting solutions, which are green in colour, are 
powerful reducing agents which slowly decompose with the evolution 
of hydrogen, and are rapidly oxidized on exposure to the air. The 
insoluble hydroxide V(0H)3 is precipitated from them by caustic 
alkalis. 

Vanadium tetroxide, vanadyl mode, V2O4, VO,, (V 0 ) 0 , is obtained 
by gentle reduction of the pentoxide; fi^on with oxalic acid has 
been Recommended. It is a dark blue solid of very high melting- 
point which absorbs oxygen from the air. It dissolves readily in 
adds to form solutions of vanadyl salts, containing the cation 
VO'*, and from these reactions derives its alternative name and 
formula, vanadyl oxide, (V 0 ) 0 . Salts of quadrivalent vanadium 
usu^y decompose on heating into salts in which the metal is 
tervalent. Vanadyl solutions are blue, and can be prepared by 
gentle reduction of solutions of quinquevalent vanadium compounds, 
VFith hydrogen sulphide, sulphur dioxide, or evCT hydrogen. 
They are weak reducing agents. Vanadium tetroxide is amphoteric 

It 
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and has weak acidic properties; thus it wiD dissolve in caustic 
alkalis to fonn yellow solutions of hypovanadates, whose anion 
appears to be ^^409' : 

2V904+20H'=«V40/+H90. 

These 3rellow solutions are easily oxidized, even by the air, to 
colourless solutions of vanadates. 

Yanadtain pentozide* V4O4, is Idie principal oxide of vaii^dium. 
It can be prepared by the ignition of ammonium metavanadate, 
NH4VO8, in an oxidizing atmosphere: a platinum crucibl^must 
be used. , 

2NH4V08=VA+2NH3 t +H80 t . \ 

If it is required perfectly pure it is best to hydrolyse the oxychlisfride 
VOClg, finally heating the product with a little concentrated nitric 
acid. The pentoxide is a red or yellow substance which can exist 
in various forms. It melts at 690® and is stable towards heat, but 
at very high temperatures gives the trioxide and oxygen, and in 
the electric furnace can be reduced by hydrogen to the dioxide 
VjOj. It is insoluble in water, but a number of vanadic acids can 
be precipitated by acidifying vanadate solutions. The oxide is 
amphoteric, and wiU dissolve either in acids or in alkalis. Vanadic 
^ts are oxidizing agents, and when the pentoxide dissolves in acids 
it often oxidizes them and dissolves as a vanadyl salt, e.g. with 
hydrochloric acid, chlorine and vanadyl chloride are obtained: 

V9O5+6H +2Cr==:Cl2 1 +2VO •+3H8O. 

Vanadium pentoxide is used as a catalyst in the oxidation of sulphur 
dioxide (p. 683), 

Vanadates. — ^These compounds are obtained by dissolving the 
pentoxide in alkaline solutions or heating it with bases. The 
vanadate ions bear some analogy of formida with the phosphate 
ions, but appear to differ from them by being mutually convertible 
in solution. Soluble orthovanadates, such as Na8V04, can only 
exist in strongly alkaline solution: 'metavanadates* contain the 
condensed anion V40i8*'". The vanadate ions are colourless. 

Ammmiiiim iiiiinvaiiadate» NH4VO3, one of the best-known 
compounds of jrana^um, can be prepared by the addition of excess 
of ammonium <himde to vanadate solutkms, and is purified by a 
suboesslon of shnskr precipitations. It is a colourless subst^ce 
oiaty moderately soluble in water, and when strongly heated yields 
te pentoxide. 

K Sodium orthovanadate, Na3V04, is obtained by fusion of the 
pentoxide with sodium carl^nate, followed by lecxystaUization. 
Numerous colouiiess hydrates can be prepared from its solutions. 

Portmnadates, — ^Vanai^um resembles its neighbours titanium and 
dtaawisau in lotming coloured solutions whm the vanadates are 
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acidified and treated with hydrogen peroxide. Solutions of the 
pervanadates are red and are fairly stable: they constitute a 
sensitive test for the presence of vanadium. Salts such as potassium 
pervanadate, KVO4, can be prepared from solutions of the alkali-metal 
metavanadates and hydrogen peroxide. 

Halides. — ^The known halides of vanadium are shown in the 
table: 


Fluorides 

— 

VF. 

VF, VF, 

Chlorides 

VCl* 

VCl, 

VCl, — 

Bromides 

VBra 

VBr, 

— 

Iodides 

VI, 

VI. 

— — 


The known Halides of Vanadium 

In addition to these many oxyhalides are known, of which several 
are soluble in water. The fluorides and chlorides may be briefly 
described. 

Fluorides. — The action of fluorine on vanadium produces a 
mixture of substances, and the fluorides are more easily obtained 
by the action of anhydrous hydrogen fluoride on the chlorides 
or bromides. 

Vanadium trifluoride, VFg, is obtained by heating the trichloride 
in hydrogen fluoride. It is a greenish-yeUow refractory substance 
insoluble in water. 

Vanadium tetrafluoride, VP4, is obtained in a similar way by the 
action of hydrogen fluoride on the cold tetrachloride. It is a 
brownish-yeUow deliquescent solid which dissolves in water, and 
yields the tri- atid pentafluorides on heating: 

2VF4=VFs+VF5. 

Vanadium pentafluoride^ VF5, is obtained, together with the 
trifluoride, by heating the tetrafluoride in nitrogen at 650®, and 
collects as a white solid in the cooler parts of the apparatus. It 
sublimes at iii® and is soluble in water, but the solution suffers 
some hydrolysis with the formation of oxyfluoride. It is the only 
pentahaUde of vanadium. 

Ohicdfides. — Vanadium dichhride, hypovanadous chloride, VClj, 
the best known dihalide of vanadium, is obtained by heating the 
trichloride to a high temperature in a stream of nitrogen : 

2VCl3«2VCl2+Clat, 

by a mixture of the tetrachloride and hydrogen throu|^ 

a tube. It forms pale green crystals which volatil^ 

uncharged at a high temperature (above 1000®), and readily 
absorb #atar or oxygen. The violet solutions have the propi^ttes 
alre^y de^bed. ' 
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Vanadium intMoride, vanadous chloride, VCI3, is obtained by the 
decomposition of the tetrachloride at a moderate temperature: 

2VCl4=2VCl8+Cl* t • 

The tetrachloride may be heated nearly to boiling while a current 
of dry carbon dioxide is blown through it to remove the chlorine. 
The trichloride remains as violet, very hygroscopic cryst^s, very 
soluble in water or alcohol. The aqueous solutions canlpqually 
wen be prepared by dissolving the trihydroxide in hydradiloric 
add. When strongly heated in an inert gas the anhydrous substance 
yields the dichloride and the tetrachloride, and at a high tempesprature 
it can be reduced to the metal in a current of hydrogen. 

Vanadium tetrachlofide, VCI4, is obtained by the action of chlorine 
on vanadium or ferro-vanadium, or by the action of a mixture of 
chlorine and sulphur monochloride on the hot pentoxide. The 
product of these reactions can be purified by distillation, and is a 
dark brown visdd liquid freezing at —26° and boiling at 154®; it has 
a normal vapour density. It dissolves in water to form a blue 
solution of the oxyhalide, VOCl*, and decomposes into the tri- 
chloride and chlorine, slowly at ordinary temperatures but more 
rapidly on heating. 

trisuiphide, V^Ss, and a tetrasulphide, VS4, are 
known. Neither of them is very soluble in acids, as such, but they 
can be brought into solution by strong oxidizing agents such a nitric 
add or hot concentrated sulphuric add, and they form oxides when 
heated in the air. 

Vanadium trisulphide, V^Ss, is a grey solid obtained by heating 
any oxide of vanadium to redness in a current of hydrogen 
sijlphide. 

Vanadium tetrasulphide, VS4, is prepared by heating the tri- 
sulphide with sulphur. If more strongly heated in a vacuum or 
an inert gas, the tetrasulphide dissodates into the trisulphide 
and sulphur. Like pyrites, FeSg, the tetrasulphide probably con- 
tains ^ groups. It is the chief constituent of the ore patronite, 

Scdwatos. — Hypovanadous sulphate, VS04.7Hg0, is obtained by 
the electrolytic reduction of a solution of vanadyl sulphate in the 
alienee of air, followed by concentration in a vacuum. It is 
isomorphous with ferrous sulphate, FeS04.7H20. 

Vanadous hydrogen sulphate, VH(S04)2.4H80, is prepared by the 
irifectrolytic reduction of a solution of vanadium pentoxide in dilute 
;sii^uric add, followed by predpkatioa with the concentrated 
add. Its solutions are reducing agents whose use has l^n recom- 
mdided in place of titanous sojufions in volumetric Malysis. 
Th^ appear to be rather isss sendtive to atmospheric oddation. 

Va^mdyl sulphaie, VOSO4.2H2O, is prqiared by reductipn with 



GROUP V 


667 


sulphur dioxide of a solution of vanadium pentoxide in dilute 
sulphuric acid, foUowed by evaporation. It is a hygroscopic 
sky-blue substance. ^ 

Nitrates, Nitric acid oxidizes vanadium compounds to the 
quinquevalent condition, and produces pale yellow solutions con- 
tainmg vanadoxyl nitrate, V02(N03), 


Niobium and Tantalum 

Nb=92-9; caomic number, 41. Ta=i8o*9; cdomic number, 73 

History. — ^The history of niobium is peculiar. It was discovered 
in 1801 by Hatchett in a sample of iron-ore from Massachusetts, 
and was given the name columbium. In 1844 the German chemist 
Rose announced the discovery of a new element in a Bavarian 
mineral, and named it niobium, but it was not till 1853 that niobium 
was proved to be identical with columbium. The two names are 
still used by chemists for the same element: columbium (s5nnbol Cb) 
should have right of priority, but in this country at least niobium 
is more generally used. Tantalum was discovered in 1802 by 
Ekeberg in Scandinavia; the name has been said to refer to the 
tantalizing character of his researches. 

Ocourreiice and Extraction.— Both niobium and tantalum are 
rare elements. For many years of no commercial importance, 
tantalum was one of the first metals to be used in the filaments of 
electric-light bulbs, though it has now been replaced by tungsten. 
Niobium has not yet been put to practical use. 

The two elements almost always occur together, and invariably 
as niobates and tantalates: the principal deposits are in Australia, 
where the metals occur as tantalite, a mixed niobate and tantalate 
of ferrous iron, with some manganese. The treatment of this 
substance is diificult, as it is unaffected by the common acids, 
excepting hydrofluoric acid. It is mixed with excess of potassium 
hydrogen sulphate and fused in an iron vessel, cooled, and extracted 
with water. The residue is then treated successively with ammo- 
nium 'sulphide and hydrochloric acid. The solid is dissolved in 
hydrofluoric acid and boiled to remove silica as the tetrafluoride. 
After concentration the solution is treated with potassium hydrogen 
fluoride, which deposits potassium fluotantaJate, ICjTaF^, but 
leaves tie nicbium m solution, from which it can be recovered, by 
further evaporation, as potassium oxyfluoniobate, K2{NbO)F|5.H|p. 

MetalHc tantalum can be prepared by electrolysis of po^um 
fluotantalate in a magnesia crucible with tantalum elec^des. It 
has ^so been prepared by a modification of the thermit |H?oces^ 
casing the paatoxide and a more energetic reducing agait thah 
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alnmmium. oionely 'Mischmetal' (p. 597). Niobium can be 
prepared in a similar way. The separation of the compounds of 
the two dements beyond the point weady described iliwa}rs oSeis 
great dfficulties on account of their dose resemblance, and is not 
attempted on the commercial scale. One successftd laboratory 
proc^ depends on the fact that tantalic add is weak^ 
niobic add!, and can be predpitated from tantalate solutions by 
carbon dioxide in the cold, whereas niobates are unafrecfed by 
this treatment. ) \ 

The resemblance of niobium and tantalum exceeds thar the 
neighbouring Group VI ddnents molybdenum and timgsteif, but 
not that of the Group IV dements zirconium and hafrium. 

Uatallio Niobium and Ttotahnn.— These are both hard grey mdtals. 
Their densities are respectivdy 7*3 and i6-6, and their mdting- 
points 1^50® and 3027®, They axe oxidized when strongly heated 
m the air, and some nitride may also be formed, but at ordinary 
temperatures they are unaffected by moisture. They combine 
with fluorine in the cold, and with the other halogens on heating. 
Among the adds, hydrofluoric add is the only effident solvent for 
these metals, and unless it is heated even this substance acts only 
dowly: they are also slightly affected by boiling concentrated 
sulphuric acid. 

The use of tantalum in the filaments of incandescent lamps was 
due to its very high melting-point, in which, however, it is surpassed 
tungsten. Its hardness makes it useful for certain cutting 
tools, and on account of its resistance to chemical attack it has 
been used as a substitute for the more expensive platinum in the 
manufacture of chemical apparatus. Its hardness and resistance 
to corroskm have also led to its use for the manufacture of surgical 
mstrnmffiuts. 

CoHFOViirDS OF Niobium and Tantalum. — In these elements 
tlm valency of five predominates. They both form stable acidic 
pentoxides, and a number of lower oxides which have not been 
t^ron^hly investigated. The only known fluorides are the penta- 
i^rides, and pehta- and tri-chlorides of both elements are well 
diaractetized. In their highest valencies both elements yield oxy- 
halides of the'type MOX,. — 

Sttitesidea. — ^Ihese compounds are prepared from the fluo- 
and oxyfluoniobates as foUovre. Aftm* heating with 
oemoentrated sulphuric add has volatflized all the hydrogen fluoride, 
the residue is treated with boiling water, which predpitates niobic 
or tanfry^ add. Traces of sulphuric add can ttm be removed 
repeated wadung, followed by %nitkm with^ammonium c^' 
henatei tibiis leaves tl» pure pentoxide. The pe^imides are also 
jpchduced when the metals are burned in <XKS!gpti. They ere 
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colourless, very st&ble solids which can be reduced to lower osddes 
by hydrogen only at very high temperatures and pressures, or not 
at afl. They will not dissolve in any add except hydrofluoric 
acid, but they cm be brought into solution by fusion with the 
caustic alkalis, wth the production of niobaies or tantaktes. *010 
hydrated pmtoxides, which may be called nioHc and tamtaUc acids, 
can be prepared by predpitating solutions of these substances 
with adds, or by other methods— often by the hydrolysis of the 
halides or oxyhalides. They are insoluble in water but will dissolve 
in aqueous solutions of the caustic alkalis. 

FoniobBtes and PeKtanialates can be obtained in solution by 
the action of hydrogen peroxide and acids on solutions of the 
niobates and tantalates; the former are yellow, the latter colourless. 
These solutions are believed to contain the anions NbO/ and TaO/. 

Halides. — Pentafluorides, NbFs and TaF5, are prepared by the 
action of fluorine on the elements. They are colourless solids, the 
melting-points being 73° and 97® respectively, and the boiling-points 
217* and 229*. They are hygroscopic substances which are hydro- 
lysed by water, but if soluble fluorides are added to solutions of 
the pentoxides in hydrofluoric acid, fluoniobates and fluotantaJates 
such as KjNbFj or NajTaFj can be prepared. 

PeviacUorides, NbClg and TaClj, are produced by direct combina- 
tion of the elements, but are more easily prepared by heating a 
mixture of the pentoxide and carbon in chlorine. They are both 
pale yellow solids, the melting-points being 194® and 211®, and the 
boiling-points. 241® and 242®. They fume in moist air from the 
production of hydrogen chloride, and are hydrolysed by water. 

The lower chlorides are obtained by reduction of the penta- 
chlorides or oxychlorides. 

TaiUdttm dichloride, TaClj, can be prepared by heating tantalum 
pentachloride vpith lead, or sodium amalgam. It will liberate 
hydrogen from water. 

TatUahm trichloride, TaCls, has been prepared by the reduction 
of the pentachloride with aluminium at a Iowct temperature than 
is reqmed for the production of the dichloride. It fe partially 
hydrmysed by water, but dissolves in the presence of acids to form 
u green solution stable in the absence of air, which oxidizes it. 

Tetrachloride of both niobium and tantalum have been reported 
but not thoroughly examined. 



CHAPTER XX 
GROUP VI 


[OXYGEN], SULPHUR, SELENIUM, TELLURIUM, CHROMIUM. 
MOLYBDENUM. TUNGSTEN. URANIUM 


0 = i6*oo atomic number, 8 
S = 32*06 atomic number, 16 
Se sas 78*96 atomic number 34 
Te=i27*6i atomic member , 52 


Cr = 52*01; atomic number, 24 
Mo = 95*95; atomic nuMer, 42 
W =183*66; atomic numher, 74 
U =238-67; atomic num^, 92 


[ 0 ]-S 


^Cr— Mo— W— U 
\se— Te 


As in other groups near the ends of the table, the resemblances 
between the sub^ups are confined to compounds in which the 
element has the group valency, in this case six, and the typical 
demoits form a natural series with the outer subgroup, in this 
case Subgroup B. As the properties of oxygoi and its compounds 
have already been discussed (pp. 371-82), we shall first deal with 
the series of elements sulphur, selenium, tellurium, and then with 
Subgroup A. 

Oxygen is an element whose properties are so important in our 
^tem of chemistry that it is easy to lose sight of its periodic 
relationships. In its invariable valency of two it resembles sulphur 
more than any other element, but it is remarkable that in spite of 
thmr higher molecular weight the compounds of sulphur in which 
sulphur is linked to hydrogen are usually more voktile than the 
ccHtespondmg compounds of oxygen. 


Sulphur, Selenium, Tellurium 

Thif series of dements shows a well-marked gradation of pro- 
pejties, as is obvious from the following table, in which oxygen 
has bera included: 



1 Oxygen 

■gIggH 

Selenium 


Atomic Number 


16 

34 

52 

Atomic Weight 

i6*oo 

32*06 

78*96 

127*6 

Deni^ (of solid) 

1*43 

1*96-2*06 

4*28^4*80 

5 ^ 3-^*4 

Atomic Volume (appr.) 

XX 

26 

x8 

2 X 


-219* 

1x5** 

217® 

452“ 

BcsUng-poixit 

-183’ 

445 “ 

688* 

X 390 ° 


670 
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Thd elements are all non-metals which display allotropy. Since 
they have six electrons in the valency group they can complete 
their octets by forming bivalent anions, S^ Se^“Te^' Thefts 
with the al k a li- metals are all soluble, the others mostly insoluble. 
As with the halogens, the potential necessary to discharge the 
element from these anions decreases markedly as the atomic 
number increases. This operation is never difficult, dnd selenide 
or telluride solutions readily deposit the element when exposed 
to the air. Tellurium, the heaviest member, is the most metallic, 
but this characteristic is only very slightly developed. 

The hydrides form a well-marked series. As the atomic number 
of the element increases they become less volatile and conspicuously 
less stable. They all have nauseous and rather similar odours. 
The heats of formation are (in calories): 

HjS, +5,280. HgSe, —18,500. HgTe, —34,100. 

All the elements form oxyacids similar to sulphurous and sulphuric 
acids, but the relations between them are rather different, for while 
sulphurous acid is easily oxidized to sulphuric acid, selenic and 
telluric acids are fairly powerful oxidizing agents, which will, for 
example, liberate chlorine from hydrogen chloride. Telluric acid is 
unique in having a structure Te(OH)e, 

The variation in valency is most readily studied in the halides. In 
the hexafluorides of sulphur and selenium the covalency maximum 
of the element (p. 346) is displayed, and these halides are accord- 
ingly unaffected by water, which hydrolyses tellurium hexafluoride. 
In addition to hexafluorides the elements all form tetrahalides 
whose stability increases from sulphur to tellurium, and in the^ 
two electrons must be inert. Indeed all three elements show in 
some at least of their compounds a stable valency of four. The 
tetrahalides of tellurium show a slightly salt-like character, and in 
favourable conditions can exist in solution. As might be expected, 
selenium resembles tellurium, the remaining element of the sub- 
group, rather more closely than it resembles the typical element 
sulphur. 


Sulphur 

S=32-o6. Atomic Number, 16 

Hiibll!y« — Since it occurs in the elementary state, sulphm: has 
been known from prehistoric times. Its importance in the 
development of chemistry has been described in the Historical 
Introduction. 

Oommsam wA Bi<arMth»i.--Siilphur is an abundant 
i'houi^ feur les s abundant than oxygen. It occurs miarge quanuti^ 

♦y 
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in many parts of the world as sulphides or sulphates and as the 
native d^ent. Sulphur depodts are usually found in regions of 
beanie activity, and the most important sources of sulj^ur are the 
deposits of Louisiana and Texas, in the United States, and of Sicily. 

ITie Lotdsiana deposits have been worked by an improved method 
since about 1903. The problem of the extraction of these deposits 
was a difficult one, as they were covje^ ed by 
some five hundred feet of soft sand and 
water. It was brilliantly solved by EAasch, 
who devised the process now worke^. A 
triple tube a foot in diameter is sufik to 
the bottom of the deposit. Down the iiiner 
tube is forced hot compressed air, and down 
the outer annular space water superheated 
to 180® under a pressure of ten atmospheres. 
The hot water melts the sulphur, which 
collects in a pool at the bottom of the well, 
and is blown up the middle annular space 
mixed with air, as a froth. The hot air on 
the inside of this tube and the hot water on 
the outside prevent its solidification on the 
way up. At the top the liquid sulphur is 
run into cooling trays, where it solidifies 
and is broken into lumps. It is very pure 
(about 99‘9 per cent). 

In the Sicilian deposits the sulphur is 
near the surface, but is mixed with rock and 
other impurities which make it necessary 
to purify it by distillation. The heat for the 
process is provided by burning some of the 
sulphur to sulphur dioxide. It is doubtful 
whether Sicilian smlphur can compete on equal terms with the 
Louisiana |M:oduct, and more than 80 per cent of the world con- 
smnptkm of eleipmtaiy sulphur is now supplied by the United 
States. It is, however, Mssible that labour costs in Italy may be 
imffidentty reduced to bring Sicilian sulphur back to its pre- 
dmmnant position as far as Central Europris ccmcemed. 

occurs in more allqtropic forms than any 
other element: we shall discuss only a few of the more important. 
Ihe density of the modifications differs slightly, but h always 
atxmt 2. 

2. Rhombic, octahedral, or a-sulphur.—Tbis is the ordinary fom 

It is stable at room tempejature, and the other vaiwties 

tieviHrtto it more or hss rapidly. It is also predpHated at 
Uaapentme ton solutioos of sulphur in oadi sedt'ents as 
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carbon dmlidude or chloroform. If rapidly heated it mdts at 
bright yellow m colour. Rhombic sulphur crystals 
consist of Sj molecules m puckered octagonal rings, 16 to the 
unit cell. 

2. Monodinicw ^sulphur — -ms is the stable form of sulphur 
at temMrati^s tetween 94;6» (the transition-point) and its melUng- 
point of 120 . It can be obtained by cooling liquid sulphur or bv 
crystallizmg sulphur from its solutions in this temperature interval 
and, as IS so often found, although metastable below 94-6°, yet it 
often api^ars first when sulphur is crystallized from its solutions 
below this temperature. Under this condition it subsequently 
reverts to a-sulphur. 




Fig. 135. Equilibrium between a- and ^-Sulphur 


Figure I shows the usual pressure-temperature relations of a 
substance which, like sulphur, contracts on solidification, 0 being 
the triple point, and at a temperature very nearly equal to the 
melting-point under atmospheric pressure. Figure II shows how 
this sample type of diagram must be modified to provide for the 
occurrence of a second solid modification, in this case j8- or mono- 
clinic sulphur. The figure is diagrammatic only. j^Sulphur is 
the stable variety within the shaded area; the dia^am shows that 
it contracts, as a-sulphur does, on solidification (since its melting- 
point is rais^ by pre^ure), and that its melting-point is nearly I2<r. 

3. N&xrmm mi^hur is a modification resembling jS-sulphur, 
which it diSeis in its crystalline form, and may be obtained by 
sulphur under certain conditions or by prc^udni 
sulphur in vai^lpus db^nical reactions such as the deconjposition 
polysulphM^ l»y ad^ 
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4. PlasUc sulphur, produced when molten sulphur is suddenly 

d^ed by bmg poured in a thin stream into cold water. It is a 
sticky elastic substance which rapidly reverts to the rhombic 
form; it is in fact an undercooled liquid. It is known to consist 
of Iqng chains or * fibres * of sulphur atoms. A form of sulphur 
insoluble in carbon disulphide may be obtained as residue by 
extracting plastic sulphur with carbon disulphide. U 

5. Cdloidal sulphur can be obtained by the interaction ohdilute 
solutions of hydrogen sulphide and sulphur dioxide. The so^Wions 
may be of various colours according to the size of the particles^ 

Sulphur is usually supplied to the laboratory either in ifimps 
or in a fine yellow powder called flowers of sulphur, obtained by 
condensing sulphur vapour on a surface below its melting-point 
(see the phase diagram). Sulphur is distilled from a retort into 
a large chamber, on whose walls the flowers of sulphur collect. 
At temperatures not far above the melting-point molten sulphur 
is a mobile light brown liquid, but as the temperature is raised the 
liquid becomes black and viscous. At about 200® it is opaque and 
scarcely fluid, but on raising the temperature still further the 
fluidity is regained, and the liquid, though dark in colour, is trans- 
parent, These changes have now been fully explained. At tem- 
peratures near to 200® most of the eight-membered rings present in 
the solid and in the liquid near the melting-point become broken, 
and the fragments re-unite into very long chains of sulphur atoms. 
A high viscosity is characteristic of the presence of such chain 
molecules, and is due to their approximate alignment. The chains 
must be terminated by unsaturated sulphur atoms: they are in fact 
free radicals, albeit of very high molecular weight, and to this the 
deep colour is due. On suddenly chilling the chains persist and 
coaier on plastic sulphur the elastomeric properties t3q)icd of rubber. 
At room temj^rature, however, most of the chains break up to ^ve 
place to the ori^ai rings, but some sulphur of high molecular weight 
survives which is insoluble in carbon disulphide. 

liqtSd sulphurs boils at 444*5®. As sulphur is easily purified by 
distillation tiiis temperature is frequently used in the standardiza- 
tion of appaxitus, such as thermocouj^, for measuring high 
temperatures. Vapour-density measurements show that the sulphur 
molecule in the vapour phase at temperatures not far above the 
bc^l^-point is S®. Measurements by the usual methods of the 
molecular weight of sulphur in its solutions lead to similar results. 
At higher temperatures the vapour tf^dates into molecules, 
by fission of the cyclic S3 molecule®, and at 900® the vapour 
density corresponds with S*. At about 2000® vapour-density 
measurements show single atoms to exist in the vapour, 

is a colourless or yellow substance which darkens 
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on heating. It is an excellent insulator, and is used for this 
purpoM in electrical appara^tus, e.g. in electroscopes. It combines 
with almost all mements either at room temperature or on heatimr. 
It is stable m the air, but on heating bums with a blue flamo to 
form the gas sulphur dioxide, SO„ and a Uttle sulphur trioxide 
SOg. Sulphur is insoluble in water, and does not react with it' 
but when steam is passed through boiling sulphur a little hydrogen 
sulphide and sulphur dioxide are produced: 

3S+2Hg0?:i2HgS+S02. 

The reaction between sulphur and some metals, especially if both 
are in the powdered state, is very violent. Thus a mixture of zinc 
dust and flowers of sulphur becomes incandescent when touched 
with a red-hot bar. Gunpowder is a mixture of charcoal, sulphur, 
and potassium nitrate. 

Sulphur will not dissolve in acids as such— i.e. it is unaffected 
by hydrogen ions — ^but it will dissolve in alkaline solutions, especially 
on heating. Sulphides and thiosulphates are among the products, 
but more complex substances are also produced. The simplest 
form of the equation is: 

4S-H60H'=2S'-hSg03*+3Hg0, 
but it is incomplete. 

The principal uses of sulphur are the preparation of sulphuric 
acid and calcium bisulphite. It is also used in dusting vines to 
preserve them from fimgi, in valcanizing rubber, and in the 
preparation of carbon disulphide. 

Hydrides. — gnlphide, 'sulphuretted hydrogen,’ HgS, 
occurs naturally in certain volcanic gases, and is formed when 
hydrogen combines with molten sulphur or sulphur vapour: 


Hg+Sv^HgS, 

but as the reaction is reversible this is not a convenient method of 
prepaoration. In the laboratory the gas k usually prepared by tae 
action of a dilute acid such as hydrocMoric acid on a me^ sulpl^e 
—usually ferrous sulphide — in Kipp’s apparatus or sunilar device: 

FeS-l-2ff=Fe"+HjSt. 

It may be dried with calcium chloride. If ordinary ferrous sulphide 
is used, tbe gas is lilcdy to contain hydrogen, hydrogen chloride, 
jAoqflflne, and arnne. With the exertion of the hydiogm th^ 
unpmi^ may betembved by drying me gas wi& caldum 
aod passing it ovct iodme. which forms the iodides of fhosiaioras 
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and arsenio. and then washing it several with wat«>r ■.t.a 
Perfectly pure hydrc^m sulphide can be pi^^d 
by the action of water on synthetic aluminium sulphide: ^ 

A1^,+6H,0=2A1(0H),+3H^ f. 

Hydrogen sulphide is a colourless eas with 
objectionable smell and highly toidc properties. It is^a piquet 
the d^y of organic matter containing sulphur, and is thereforp 
present m rottra eggs. It can be condensed to a liquid al -- 60 ° 
“ water: at room temperature a rolutioft of the 
^^turated at atmi^henc pressure is about one-tenthlmolM 
^e oErasive c^our of c«rtam sulphur springs — such as those at 
Harrogat^K due to dissolved hydrogeil sulphide, a^ra 

2H^+30,=2H*0+2S0,. 

and can form explosive mixtures with air or oxygen, but if the 
supply of air IS inadequate, sulphur vapour and wato are produced- 
2 HsS+0,=2H*0+2S. 

m present of sulphur in a jet of hydrogen sulphide burning in 
£tw applying it to a Jbld surface, such 

cold water, on which sulphur wiU condense. 
^ ^ t^an air: vapour denaty 17 (hydrogen 

= 1 ). On heating it dissociates into its elements: ^ ^ ^ ® 

HjS^Hj+S, 

KeLly^^te!®“^”*“® ^ dissociation 

aS'ofSSn?*^ produces 

2H*S+S0,=2H,0+3S, 

Jou^he gases ^ not n^t if dry. It is easfly oxidized to sulphur 
^^^tim« higher oxidation-products) by elutions of hydrogen 
peimangMates, by ddute nitric add, orV 
^^trated sulphimc aad, which cannot theidEoie be used for 
®P^tanTOusfy in contact with sodium 

H^-i-Cla=»2Ha+S^. 

^.hydrogen sulphide are.slo«dy mtidized 
^pdnction of sntohnr. At low^ tem^tures a 
js^cd from tbem. *Hydiogen 
OT^waie in aqu^ solution b a very weak add: the ^^a- 
tMOtiSoiid^ of Hw^st dJssodatidn, ^SsaBT-f-HS', is about 
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about io-« so that 

^ already explained (p. 195), hy- 

(kogen sulphide is much used in qualitative analysis for the separa- 
tion of the elem^ mto groups depending on the solubiliti^ of 
their sulphides. The solubihty-products of some insoluble sulphides 
(at 18°) are given below; ^ 


MnS (green), 6x10-22; MnS (bufi), 7xio-i»; FeS, about lo-*® 
TI2S, 5 X 10 - 24 ; ZnS, 10-25 to 10-26; CoS, 2 X 10-2’; NiS 10- 2 ^ 
CdS, about 10-28; PbS, 3 X 10-28; CuS, 3 x io- 42 ; AgoS' lo-®® 
Hg2S,io-«;HgS, 3x10-54. ' ' 

Hydrogen sulphide is poisonous to all forms of life. 


Hydrogen persulphides.— Solutions of the soluble sulphides, i.e. 
those of the alkah*- and alkaline-earth metals or of ammonium, 
readily dissolve sulphur, forming yellow solutions containing a 
^valent complex anion produced by the combination of a sulphide 
ion with neutral sulphur atoms. 'N^en such a solution is acidified 
in a freezing-mixture, a yellow oil settles to the bottom of the liquid 
which is a mixture of the higher sulphides of hydrogen. These 
can be sep^ated by fractional distillation under reduced pressure 
into the disulphide, H2S2, and the trisulphide, H2S8. These are 
liquids which on keeping or warming readily decompose into 
hydrogen sulphide and sulphur. Their odours are more powerful 
even than that of hydrogen sulphide. Although polysulphides such 
as Na^S^ undoubte&y exist, no hydrogen persulphide containing a 
higher proportion of sulphur than HgSj has been isolated. 

Sulphides of the Uetate. — ^These frequently occur in nature. They 
can be prepared: 

(i) by direct combination — aU metals except platinum and gold; 

(ii) by heating oxides of metals in the vapour of carbon disulphide ; 

(iii) by precipitating a salt of the metal, made alkaline if necessary 
by ammonia, with hydrogen sulphide or ammonium sulphide. 
Ihis method is not available for ammonium, the alkali* 
metals, or the alkaline-earth metals, whose sulphides are 
soluble, nor for beryllium, aluminium, or chromium, whose 
sulphides are too soluble to exist in the presence of water: 
the low solubility of the hydroxides of these three metals, 
and their weakness as bases, causes the immediate hydrolysis 
of their sulphides: 

.^i^2^^H20’->‘A1(0H)8 4- ^ * 

The sulphides are sc^ substances, often strongly coloutei^ and 
^th the exceptions noted are all more or less insoluble in water. 
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The valency of sulphur in the sulphides is always two, but per- or 
polysulphides are known as described above. When treated with 
acids the sulphides may or may not liberate hydrogen sulphide. 
Taking a divalent metal as illustration, the equilibrium in the change: 

MSI+aHVHjjSf.+M-, 

Spends on the concentrations of the reactants and product|, that 
is, on the solubility of the sulphide, the concentration of hydrogen 
ions provided by the acid, the solubility of hydrogen sulplme in 
water at the tempemture ^d pressure selected, and the concentra- 
tion of metal ions, if any, in the solution. Thus the vety insdluble 
mercuric sulphide is unaffected by cold concentrated hydrochloric 
acid, but with cold moderately concentrated hydriodic acid readily 
liberates hydrogen sulphide: this is because the concentration of 
mercuric ions in iodide solutions is smaller even than in chloride 
solutions (p. 515), The solubility of aluminium hydroxide, on the 
other hand, is so smaU that the sulphide of this element is decom- 
posed by water alone. 

Oxides and Oxyacids. — ^Ilie most important oxyacids and 
oxides of sulphur are stdphurom and sulphuric acids, HgSOa 
HjS 04, and their anhydndes sulphur dioxide, SOj, and s'^phur 
irioxide, SOa* The remaining oxides are sulphur sesquioxide, S2O3, 
and sulphur heptoxide, while the remaining acids include 

hypos^hurous acid, HaS204, thiosidphuric acid, HaSaOj, cUorsulr 
phonic acid, Cl.HSOa, a derivative of sulphuric acid, perdisulphuric 
acid, HaSaOg, permonosulphuric acid, HjSOa, a series of com- 
potmds called the polythionic acids. 

Sulphut di O iiM e » SOg, is prepared on a large scale in industry by 
burning sulphur in air or roastmg pyrites; the gas from either source 
may contain a little sulphur trioxide, and when this is an undesirable 
impurity the sulphur is burned in a more limited supply of air in a 
special furnace, ^phur dioxide for sulphuric acid manufacture 
is recovered to an increasing extent from furnace gases evolved in 
certainiindustrial processes, e.g. the roastmg of rinc sulphide. In 
the laboratory thie gas is procured either from a siphon (from which 
the liquid can also be obtained by inverting it), or by the action of 
osmper on hot ooncmtrated sulphuric acid.^ In adchtion to cupric 
adpiate the residue contsdns cuprous sulphide, which colours it 
but the principal action may be written: 

Cu+ 2 H»S 04 =Cu^ 4 -fS 0 g t +2HgO. 

^her substances may be used instead of copper for the reduction 
of the sulphuric acid. Sulphur dioxide can also be made by the 
actkm of adds on sulphite, bisulphites, or tblosulp^tes, : 
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Sulphur dioxide occurs in nature in the gases from 
volcanic vents pd in certain springs, and it is Hberated into the 
atmosphere of mdustnal areas by the combustion of the sulphur 
compounds contained m coal. Sulphur dioxide is inimical to human 
or plant life, and also causes stonework to decay. Steps are now 
being taken to reduce the quantity set free into the air from factory 
chimneys. 

Sulphur dioxide is a colourless gas with an acrid taste and smell 
of ‘ burning sulphur." Its vapour density is 32 (hydrogen=i), so 
it is more than twice as heaw as air, and can be collected by 
displacing air upwards. It boils at -10® and can be condensed to 
a solid at —72®; the vapour pressure of the liquid at room tempera- 
ture, as in a sulphur dioxide siphon, is nearly three atmospheres. 
The liquid scarcely conducts electricity. Sulphur dioxide will 
not burn, but it will combine with oxygen on the surface of a 
catalyst; the equilibrium conditions are discussed under sulphur 
trioxide. 

Sulphur dioxide dissolves freely in water, which at room tem- 
perature and atmospheric pressure takes up about fifty times its 
own volume of the gas. The solubility does not obey Henry's 
law except as a rough approximation, and the solution behaves as 
though it contained an acid — sulphurous acid, H2SO3. Conduc- 
tivity measurements and potentiometric titration show this acid 
to be fairly strong in its first dissociation but weak in its second 
dissociation. Sulphurous acid can be titrated to a bisulphite with 
methyl red at a hydrogen ion concentration of about lo*^, or to 
a sulphite with phenolphthalein at a hydrogen ion concentration 
of 10“*; the dissociation-constant of the second dissociation, 
is about I0“^ A hydrate, SOg.bHgO, can be 
obtained from the solutions at low temperatures, but the acid itself 
has never been isolated. Solutions of sulphur dioxide are slowly 
oxidized by the air to sulphuric acid: 

2H2S03+02==2H2S0|, 

especially in the presence of certain salts which act as catalysts, 
and even if air be excluded a slow decomposition in the sense of 
the equation: 

3H2S03=2H2S04+S H-HjO, 

takes place. 

On account of the ease with which sulphur dioxide m contact 
with water be oxidized to sulphuric acid, the gas is a fairly 
powerful redurfng agent, and will, for example, reduce iodine to 
an iodide, permanganates to manganous salts, and chromates to 
salts* The reducing action can be represented: 

S 0 a'-FH 20 -^S 04 ' 4 - 2 ff-f 2 electrons, 
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but tl» reducing agent is probably the ion HSO*', so that 

sulphur dioxide exerts a redu^g power only in faintly add solution. 
Weakly add solutions of ferric ^ts are reduced by sidphur dioxide 
to the ferrous condition: 

HS03'+H804-2Fe"=S0/+3H-+2Fe", 

but in concentrated hydrochloric acid the reaction will n|t take 
place,' indeed, in such a solution sulphiu: dioxide acts as an omdizing 
agent and will oxidize ferrous salts to ferric salts: « 

S0,+4H‘+4Fe"=S4.+2H,0+4Fe". 

Sulphur dioxide is used on the Uu^e scale for bleaching dedcate 
fabrics, sponges, etc., but the colour usually returns after some 
time atmospheric oxidation of the colourless compotmd (leuco- 
Jastf) to which the colouring matter is reduced. Very large quan- 
tities of sulphur dioxide, usually prepared by burning p 3 Tites, are 
used in the preparation of calcium hydrogen sulphite for the 
manufacture of paper from wood-pulp. The gas is passed through 
towers filled with limestone through which water trickles, and 
the action is: 

2H,S08-|-CaC0j=Ca{HS0,),-f-C0* f +HA 

Sulphur dioxide is also used on the large scale as a disinfectant, 
as a reducing agent in organic chemistry, as the working liquid of 
refrigerators, and as an ‘ antichlor ' for removing chlorine from 
goods bleached with that substance: 

S 0 ,'-f-H 30 -i-Cl,=S 04 '-f 2 H+ 2 Cl'. 

Snl^pliitML— Solutions of the sulphites of the alkali-metals are 
tuepared by passing sulphur dioxide thror^h solutions of their 
hydroxides, but with excess of sulphur dioidde the bisulphites or 
h 3 «irogMi sulphites are produced (compare carbon dioxide): 

a0H'-l-S0,=^0,'-|-H,0. S03'-t-S0j-|-H,0=2HS08'. 

Sul|diites of other metals can be obtained by precipitation of a 
solutimi of a salt of the metal with sulphur dioxide or a soluble 
j^phfre~Hs.g. alver sulphite, Ag,SO„ or tUEtium sulphite, BaSOj— 
or by dissolving the o»de or carbonate in sulphurous add. Many 
of we inocdulde sulphites will dissolve in exce^ of sulphumus acid 
as iHsalp^dtes (compam the carbonates), e;g. : 

. ; BaSQ,4. 

'Wltai treated with adds stager than sulj^hnioas add tlM sulphites 
SB yidd satphur <Boxide, ance at atmospheric pressure sulphurous 
acM anumt exceed a certain small conowtiamm in water. The 
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precipitate placed with silver salts is soluble in excess of the 
sulphite solution, a complex ion being formed: 

2 Ag +S03"->Ag2S03 ; . Ag^SOj i +S03^-^.2AgS03^ 

Sulphites can easily be distinguished from thiosulphates by the 
precipitate of sulphur given by solutions of thiosulphates when 
treated with acids. The atmospheric oxidation of solutions of 
sulphites can be almost wholly prevented by the addition of traces 
of certain anti-catalysts (of which quinone is one of the most 
effective), and h^ been shown by Rice to be a heterogeneous 
reaction, since it is completely arrested, even in the presence of a 
positive catal5rst such as a copper salt, by the removal of dust. 

The constitution of the sulphite ion may be written as “ 0 — S< 

O 

but the intervention of mesomerism (* resonance *) causes all the 
linkages between sulphur and oxygen to become identical (see p. 
351). The anion has a pyramidal shape, with sulphur at the apex. 

Suli^nr triozide. — Sulphur trioxide, SO 3 , is produced in small 
quantities when sulphur bums in air or oxygen, and is made on 
a very large scale for the manufacture of sulphuric acid by the 
oxidation of sulphur dioxide with air at 450®. In the laboratory 
it may be prepared by the distillation of fuming sulphuric acid or 
of various sulphates, of which ferric sulphate is the most suitable: 

or by heating concentrated sulphuric acid with phosphorus pentoxide 
or concentrated phosphoric acid: 

H3S04-H30=S03t. 

Sulphur trioxide exists in three forms: a-sulphur trioxide, which 
crystallizes in long needles at 17° and boils at 45® ; / 3 -sidphur trioxide, 
a substance with the appearance of asbestos, melting at 30®, into 
which the a-form spontaneously changes on keeping; and y-sulphur 
trioxid®, resembling the / 3 -form in appearance, but with a much 
higher melting'*>point, obtained from the /S-form by mtensive drying* 
Since sulphur trioxide has a great affinity for water it is a ^If-diying 
substance^ and therefore peculiarly suitable for experiments <m 
intensive drying* The Vapour pressures and melting-points depend 
on the previous history of the substance and on the degree of 
diyness to a nios^ rean^ . , . . 

Sulphur tribxide fumes in moist air and dissolv^ m water with 
a hissing noise, producing sulphuric acid; it is indeed sulphtnic 
^^hydride. The reaction with water evolves much beat, and if 
incautiously conducted may lead to explosion. 
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Stitpbittie H2SO4, is reqinred in almost all the chemical and 
allied industries, and is therdore manufactured on a veiy large 
scale; the total annual production amounts to some 10 to 14 million 
tons. During the eighteenth century, when it first acquired in- 
dustrial importance, the supply of Nordhausen acid proved in- 
suffident, and sulphuric acid was manufactured by burning a 
mixture of sulphur and saltpetre and collecting the gaseous products 
in water. Rapidly increasing demands led to great impro\Wents 
in procedure, and the lead-chamber method was gradually elacprated 
by Roebuck and Garbett.(i746), La Follie (1774), Clement and 
D^sorbies (1793), Gay-Lussac (1830), and Glover (i860). oSince 
1900 the lead-diamber process has had a serious rival in the co^ntact 
process, suggested by Peregrine Phillips of Bristol as long ago as 
1831, but first successfully operated by R, Knietsch of the German 
firm Badische Anilin-und-Sodafabrik. 

Both the lead-chamber and the contact process are catalytic, 
and both depend upon the oxidation of sulphur dioxide by atmo- 
spheric oxygen. The contact process yields a very pure and very 
concentrated acid, or oleum if required, but is rather more expen- 
sive to run than the lead-chamber process. On the other hand, the 
lead-chamber acid is less pure than the contact acid and cannot be 
economically concentrated or converted into oleum. Both pro- 
cesses are consequently employed, but the older method, while still 
producing the bulk of the world's output, is gradually being displaced 
by the contact method. 

The sulphur dioxide required as raw material is obtained by the 
combustion in air of either sulphur: 

84-02=503; 

or iron pyrites: 

4FeS24-ii02=2Fe2034-8S02; 

or zinc blende: 

2ZnS-b 308=2Zn04-2S02; 
or the * spent oxide ' of the gas works. 

The United States and Italy, having laige deposits of sulphur, 
mainly mploy’lthe first method; in England'and Germany, however, 
lion miities, zinc blende, and spent oxide are generally though 
SnglldaL mamfi^tuiers import a certain amount of sulphur for 
pmrpose. Taking European practice as a whole, the principal 
sooroe of stdphur dioxide is iron pyrites, which occurs in inexhaust- 
ibte quantities in the Rio Tinto district of Spain and in smaller 
deposits in the U.S.S.R., Belgium, France, and Cyprus. Good 
qti^y pyrites contains ^ to 50 per cent of sulphur (FeS*, when 
pfure, contains 53 per cent), all of which is available on combustion 
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The heat of combustion is so great that, once ignited, the pyrites ocm- 
tinues to bum spontaneously. Zinc blende is poorer in sulphur 
per cent wh^ pure, usually about 20 j)er cent conunercially) and 
requires a higher ^peratpe with application of external heat for 
complete cornbustirm. This di^dvantage is o£E»t by the fact 
the residual zinc oxide is the chief source of zinc^ indeed, the manu- 
facture of sulphuric acid from blende is merely a subsidiary process 
in the extraction of zinc. 

The Contact Process.— The essential reaction in this process is 2 
zSOg-f Oj^2S03-f45,20o calories. 

The sulphur trioxide is then combined with water to form sulphuric 
Hg 0 +S 03 =HgS 04 . 

Consideration of the first equation will show that: 

(а) The proportion of SO3 in the equilibrium falls as the tempera- 
ture rises (Le Chatelier’s principle). At 450®, the equilibrium 
mixture contains 98 per cent SO3; at 550®, 85 per cent; at 620®, 
70 per cent; at 700®, 40 per cent; and at 1,000®, practically nil. 

(б) Conversion of SOj into SO3 will be rendered more nearly 
complete by using an excess of oxygen {mass action). If the 
sulphur trioxide remains in the state of gas, the equation is: 

[SO,]^ _K 

[SOginOg] 

(c) The forward reaction is accompanied by a decrease in 
volume and is therefore favoxired by increase of pressure (Le 
Chatelier). 

From these facts the best working conditions would appear to be: 
comparatively low temperature, increased pre^ure, and excess of 
oxygen (air). Unfortunately, however, the time t^en to reach 
equilibrium even at 450® is much too great, while raising the tem- 
perature to a point at which the reaction takes place at a satisfactory 
speed causes the equilibrium proportion of sulphur trioxide to 
negli^^ibly small. It is clear that a solution of the problem lies in 
the discovery of a catalyst to accelerate the attainment of equilibrium 
at a temperature which gives a high yield of sulphur trio^de. Two 
such cat^ysts are commonly employed, viz. platinum, and vaM^ 
dium pentoxide or silicate. Platinum is the inore efficient, but its 
catalytic power is rapidly destroyed by the impurities— e.g* arsenious 
oxide— ahnost always pmsent in commercial sulphur dioxide ; hen<^ 
^^areM purification of the gases has to be earned out if platinum is 
tised. Vanadium poitoxide is less efficient, especially with gases m 
whidbi the propmtion of sulphur dioxide is low, but is una||e(^M 
hy the mapuiities which * poisem * platinum. For this reason^ it is 
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coming ^to general nsn. and newly built contact plants are almost 
all deigned for vanadium catal3rsts. 

In tlw presence of the catal3rst. the reaction takes place quickly 
at 450”, and a 98 per cent }rield of SO3 is obtained. Excess of air is 
employed, in accordance with the ms^action requirement, but 
increased pressure is found to be imnecessaiy: m some ^orks a 
pressure of 1*5-17 atmospheres is used. 11 

TymcSl procedure in a modem works using sulphur as the raw 
material is as follows. Sulphur, from a steel hopper, is fra^.into a 
melter heated by superheated steam; any sond impuritti^ are 
retained by a series of bafSes. The molten sulphur is pump^ into 
a burner consisting of a horizontal cylindrical steel tai^ lined\with 

heat - resisting firebrick, 



and meets an mcoming 
stream of air previously 
dried by passage through 
94 per cent sulphuric acid. 
Complete combustion 
occurs, and the gases— 
which contain about 7 per 
cent of sulphur dioxide, 
with excess of air and 
nitrogen — Cleave the bum- 


Fig. 136, Dost-removing Plant er at a temperature of 


about 700 , 


This temp^ture is too high for the catalytic reaction, so the 
gases are cooled to about 420°-45o“ by passing them through two 
systems of pipes air-cooled by electric fans. They next pass through 
mechanical filters, where dust is removed, and then enter the catalyst 


chambers. These chambers, of whidi there are usually two (in 
series), contain vanadium pentoxide supported on some inactive 
material such as asbestos. The rate of flow of the ga^ is so 
r^gulal^ that the desired temperature (420*’-450‘^ is maintain^, 
withmit applicat^n of external heat, by the exothermic reaction 
it»lL Al^t 80 per cent of the sulphur dioxide is converted into 
the trimd^ in the first chamber, and theJssuing gases are passed 
I^ODi^h a cooler before entering the second dumber, where the 
of the catalyst is placed and where the rctoainii^ sulphur 
<lk>xide is oxidized. 

After a further cooling, the gas mixture (SO3, Oj, NjJ is passed up 
a tower down which cold 98-9 per cost ni^uiic add is sprayed; 
this absoihs the sulphur trioxide to form oleum. Theadd^ving tbe 
ahsocber is diluted with water to 98-9 per cent, and sufficient of it is 

le&eulstedtotheabsbiher. The rest is runoff for storage and sale. 

' ' Such a fhmt can be worked a dngle operator, and may jnoduce 
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as much a& too tons of 98 per cent sulphuric acid daily. The average 
power consumption per ton of acid is 36 kilowatt-hours, which at 
a cost of id. per unit, is equivalent to gd. Oleum of various con- 
centrations up to 25 per cent SOg may be obtained by absorbing the 
sulphur trioxide in concentrated sulphuric acid until the requir^ 
concentration is reached. 

Where pyrites or other sulphide-mineral is the source of the 
sulphur dioxide, and platinum is used as catalyst, the gases leaving 
the burners are passed between 
highly charged conductors, which 
cause electrostatic precipitation 
of solid particles (AsgOg), etc. 

{Lodge-Cottrell system). Alter- 
natively they are washed with a 
spray of water, and in both cases 
are afterwards dried with sulphuric 
acid. They then pass over the 
catalyst at 420-450®. In some 
works, ferric oxide at 600-700® is 
employed as a preliminary catalyst ; 
this effects oxidation of about 
two-thirds of the sulphur dioxide 
and has the advantage that no puri- 
fication of the gases is necessary, 
since, although the eflBlciency of the Fig. 137. Contact Tower 
ferric oxide is gradually impaired 

by the absorption of the impurities, it is so cheap that it can be 
replaced economically as often as required. The mixture of gases 
leaving the ferric oxide diamber is sufificiently pure for the remaining 
conversion to be carried out with a platinum catalyst. 

The Lead-chamber Process. — ^The lead chambers in which this 
process was formerly conducted are now obsolete, and in the more 
modem plants the operations are carried out in towers at a great 
saving of initial cost and of ground space. The sulphur dioxide, 
obtained by burning either pyrites or sulphur, is oxidized by air 
in the presence of water and oxides of nitrogen, whose action is 
catalytic, since only small mechanical losses have to be made up. 
The exact nature of the cycle of operations by which the catalyst 
carries but its task long been a matter of dis|>ute, and the 
problem offer s peculiar difficulties because the conditions of tem- 
perature, and concentration differ widely in the various parts of 
the reaction vessels. The suggestion that the nitrogen peroxide 
hitroduced into; the system is reduced to nitric oxide and then 
oxidized bv atmosiA^c oxviKen in accordance with the equ^onSi 
SCV+H^4-N^«H,S(?+N0 and aN0+0.=2NC^ 
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is an obvious one, but the first reaction, if attempted under con- 
ditions similar to those prevailing in the plant, will noft take place 
Alternative theories postulate the formation of various intermediate 
compounds, among them nitrosyl bisulphate (N0)".HS04', a com- 
pound produced in the plant when insumcient water is present, and 
hence known as ‘ chamber crystals.' Very possibly more than one 
of the suggested explanations is correct. j! 

To the hot mixture of sulphur dioxide, oxygen, and liitrogen 
which leaves the pyrites burners, enough oxides of nitrogen (prtoduced 
by the catal3d:ic oxidation of ammonia as described on p. 3^) are 
added to make up losses in working. The gases then pass fip the 
Glover towers, in which in the older forms of plant they scared 


Acid 



Manu&ctiued acid 


» \ / 
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Gtmrer 'IWers 


Gay-Lussac Ibweis 


Sulphuric Acid Manufacturb: Modern Towbr System 


the necessary oxides of nitrogoi from a descending stream of 
ccmcentrated add. In the modem forms the sulphuric add is 
actually produced in the Glover towers, of which three or more 
m series may be mployed, and the lead chambers which gave their 
name to the process are dispensed with. AU the towers used are 
filled Hath barokdi flint-stones and are lined with lead. The gases 
in every case pass up the tower while liquid triddes down. To the 
first three towers there is supplied water and add from the last three. 
This add is hi^ly charged with oxides orhitrpgen and nitric acid, 
ajwl these catsdyse the reactkm between the incoming gases and 
the water in tfie manno' already refmed to. From the Glover 
tow^ the gases i»ss direct to the Gay-Lussac towers, in which 
they ^ve op their oxides of nitrogen to add whidh has passed down 
tlw (Skrm' towers. Tlui Gay-Luss^ towns are coot, while the 
towers, ixdo which the hot gases ^tss, are hot, and this is 
why add whi^ takes nitrogen oxides in one set can lose them 
in. another. The finidied {Hx^net is withdrawn firom the first 
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tower, where it meets hot fresh gas and is entirely freed from 
nitrogen compounds. It is not very concentrated, and if concen- 
trated acid IS required it must be prepared by evaporation in a 
‘ cascade of basms made from fused silica, fused alumina, or other 
acid-resistmg substances. These basins are heated from below. The 
contact process produces acid of any required concentration without 
the need of evaporation. In another process the dilute acid is 
sprayed mto the top of another tower— the Gaillard tower— 
which is supplied with an ascending current of hot producer-gas. 
This carries away a good deal of the water and leaves a more 
concentrated acid, which is collected at the bottom. Very recent 
forms of plant produce acid of 78 per cent concentration, which 



need not be evaporated at all. The vapours from either process 
contain notable quantities of sulphuric acid which is recovered as 
dilute acid by absorption in water. The product of the lead- 
chamber process or its modifications is not only less concentrated 
than contact acid but is also less pure, though in recent years 
competition has obliged the manufacturers to improve the quality 
by purifying the gases from the burners. The principal impurities 
in * chamber * acid are oxides of nitrogen, and arsenic, whidi 
latter may be present to the extent of i per litre. Neither 
should be present in contact acid, even if made from pyrites. 
Nitrogen oxides can be removed by warming the acid ^ with 
ammonium sulphate, which is oxidized to nitrogen and nitrous 
oxide: 

ami +2N02=2H’ +N, t +N 8 O t +3H,0. 

Arsenic is a very undesirable impurity and must be removed, either 
by heating vdth hydrog^ chloride, when the arsenic escapes to 
the votetil* dikaide A^, boiling at 130°; or by predpitatmg tfi« 
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aisenic as sulpUde by treating the diluted add with hydrogen sul- 
phide. Other impuriti^ which may be present in smaUer quantities 
include hydrogen chloride, iron, sdenium, aluminium, and lead. 

The concentrated sulphuric add of the laboratory contdns 
about 96 per cent H1SO4, and has a d^isity of about 1*84. 

The world production of sulphuric add is probably not to short 
of twdve million tons per annum, of which between one andi&e and 
a half million are produced in Great Britain. SulphurioAadd is 
used in almost all the chemical industries, and especiall^\in the 
manufacture of fertilizers (caldum superphosphate and amiponium 
sulphate), which absorbs more than half the total output, slpdium 
sulphate (for glass and salt-cake manufacture), hydrochloriit and 
nitric adds. 

Sulphuric acid, 'oil of vitriol,’ ‘vitriol,’ H2SO4, manufactured in 
the ways described above, can be concentrated by evaporation 
until it contains about 98 per cent H4SO4. Sulphur trioxide is 
freely soluble in sulphuric acid, and acid called fuming sulphuric 
add, Nordhausen si^huric acid, or oleum, can be prepared with 
any desired content of free sulphur trioxide up to about 80 per cent 
of the-wdght of H4SO4. The 100 per cent add freezes at 10°. , On 
distiUation imder atmospheric pressure it loses sulphur trioxide 
and leaves the constant-boiling mixture with 98 per cent HgS04, 
wdiich boils unchanged at 330®. 

Sulphuric add is a dense, oily, highly corrosive liquid with an 
inordmate affinity for water, which causes it to be used for drying 
gases and in desiccators. From animal or v^etable tissue it 
remove the dements of water and leaves carbon behind, thereby 
becoming brown or black. If the mixture is heated, the carbon 
'^trill reduce some of it to sulphur dioxide. The great heat developed 
sulphuric add and water are mixed may lead to dangerous 
explode^; it is much safer to add the add to the water than the 
wato to the asid. The study of the freezing-points of sulphuric 
ac»i-i^ter systems indicates the existence of hydrates, H^04.H20, 
S11SO4.2H4O, attd H,S04.4H40, and others may exist in solution. 
The vapour obtained by boiling the add is largely dissociated 
into su^dmr frioxide and water: _ 

H,S 04 ^H* 0 +S 0 „ 

this dissodntuni is increased by raidng the temp^ture or 
le^Bcing the pressure. 

The ooDstitotiaa of sulfuric add w vety probably 

and this lonanla agrdes wdl with Its dtoffical h^viour. 
Apart from the deoooqjosttion into ralpfour tikadde and water on 


;>C' 
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heatingi it inay in its reactions decompose in three wavs according 
to the conditions : ^ ^ 


1. As an acid: H2S04^H +HSO4' followed by HS04 't=^H‘+S04*', 

2. As an oxidizing agent : H2S04->H20+S02+0. 

3. As a sulphonating agent: 2H2S04^HS08-+HS04'+H20. 

I. The acid decomposition takes place only when the hydrogen 
ions can be removed from the system or can enter into combination. 
Water promotes the ionization of aU acids by forming hydrated 
hydrogen ions: 

H2S04+2«Ha0^2{H.wH20)‘ +S 04 ^ 
and in aqueous solution sulphuric acid is a strong acid, at any rate 
in its first dissociation. The dissociation-constant of its second dis- 
sociation, HS04VH*-f S04^, is about 0-03, so that sulphuric acid is 
not quite so strong as the tj^ical strong acids. In careful potentio- 
metric titration a faint point of inflection can be detected corre- 
sponding with HSO4', this does not aflect the titration of 
sulphuric acid solutions with indicators. Suitable metals will 
displace hydrogen from dilute sulphuric acid in the ordinary way. 

The acid decomposition can also take place when the concentrated 
acid is heated with the salts of more volatile acids: 


The high boiling-point of sulphuric acid is responsible for its well- 
known power of expelling acids from their salts, since the maximum 
possible concentration of (e.g.) hydrogen chloride in the liquid 
phase at high temperatures is very small. 

2. The hot acid acts as an oxidizing agent if water is absent and 
suitable reducing agents are present. Metals usually liberate 
sulphur dioxide from the hot concentrated acid, and they may 
further reduce it to hydrogen sulphide, while sulphur is often 
formed from the sulphur dioxide and hydrogen sulphide. A h^h 
temperature, which reduces the maximum possible concentration 
of sulphur dioxide, is usually required for these reactions. Boyle 
discovered that sulphuric acid could be partially reduced to sulphur 
by distillation with turpentine. 

3* At low temperatures and in the presence of substances con* 
taining hydrogen, but in the absence of water, sulphuric add acts 
as a sidphonaHng agent: 

C4He4-H2S04«C4H4.S08H+H20. 

benzene benzene 

siUphonic acid 

The tieai ag^t Is the cation HSO,‘(RH4-HSO|'=RH^ii4-Hh 
which, Iks eqnatkm 3 (^}0ws, is formed freely only in the absence 
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water, hence the reaction is assisted by the use of faming sulphuric 
acid, which contains free sulphur trioxide. If the system is allowed 
to get too hot the product may be oxidized and the sulphuric acid 
reduced. 

Sulphuric add was formerly used for removing the elements of 
water from other substances, e.g. with its help alcohol||Can be 
converted to either ether or ethylene; 

2C*Hs.0H-H*0={CsHs)s0. QHs.OH-HjO=C*HI\ 
alcohol ether alcohol ethylem 

Sulphates . — ^These are described imder the metals. The su^^hates 
of (radium), barium, strontium, calcium, silver, lead, and mercury 
(-ous) are insoluble or only slightly soluble in water. The acid 
sulphates or bisulphates such as NaHS04 all lose sulphvuic acid 
on strong heating, yielding the normal sulphate; 

2 NaHS 04 =NajS 04 +HjS 04 f . 

CSilotSolphoiiic add, ClSOgH, is the acid monochloride of sulphuric 
add and has the formula 

H 

the combination of hydrogen chloride and sulphur trioxide: 
HC1+S03=C1.S08H. 

or more conveniently by passing hydrogen chloride into fuming 
sulphtuic add (which contdns free sulphur trioxide) at room 
tanperature. The chlorsulphonic add is then distilled off and 
purmed by distillation. It is a colourless, dense, fuming liquid, 
boiliz^ at 155°, which reacts violently with water, forming hydrogen 
chloride and ^phuric add, and is used in organic chemistry to 
produce sulphocUorides: 

RH+CLS 03 H=R.S 0 *C 1 +H, 0 . 

to^or aesVikixide, SgOg. — ^This is a blue substance obtained by 
adding sulphur to molten sulphur trioxide at 15°. It is unstable 
and readily d^mposes into sulphiu and^phur dioxide: 

2S3O3— S-t-3S03 ^ , 

and is immediatdy decomposed by water, forming a mixture 
of adds. 

IMidnuxu aoid, — It should be noticed that this add 

B not produced i^en sulphur sesquioxide is tr^ted with water. 
Sodium AiMoniU, Na^S^g, is produced on the large scale by re- 
dhciqg hsatotion s^nm hydrog^ sulphite with zinc: 

, '+;S||04*^+2H30. , 


Ck .0 

It can be prepared by 
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If the Hquid is kept cold, most of the dissolved srinc is removed as 
an insoluble double sidphite. The hydrate Na^04*2H20 can be 
obtained froin the solution, and must be dehydrated (as it is unstable) 
by washing with alcohol. The product is used in the dyeing industry 
as a reducing agent. 

A solution of dithionous acid can be prepared by acidifying a 
solution of sodium dithionite, or by electrolytic reduction of sul- 
phurous acid, but the free acid is vety unstable even in solution, 
and has not been isolated. Its solutions, which have a repulsive 
smell, are very powerful reducing agents. The acid is nearly as 
strong as sulphuric acid. 

Thiosulphuric add, H2S2O3.— The manufacture of sodium thio- 
sulphate, NagSgOa-SHgO, from alkali-waste has already been de- 
scribed (p. 452). Solutions of this substance can also be prepared 
by boiling sodium sulphite solutions with sulphur: 


S03'+S=S203^ 


Its solutions are used in photography as solvents for silver halides, 
which dissolve in them with the formation of a complex silver 
thiosulphate ion: 


AgBr I 4-S203'^^AgS203'+Br', 

a reaction vexy similar to that between sulphites and silver salts 
(p. 472). Sodium thiosulphate is very widely used in the laboratory 
as a volumetric reagent for the estimation of iodine (usually dis- 
solved in solutions of potassium iodide), by which it is converted 
to a tetrathionate : 

I2+2S203^=2^+SA^ 

With chlorine or bromine, on the other hand, a sulphate is produced: 

4Cl2+S20s"+5H20==8Cl'-F2S04"+ioH-, 

but these reactions are much less suitable for volumetric analysis. 
Sodium thiosulphate, like sodium sulphite, is used as an antichlor. 
Its solutions are fairly stable in air, though on long standing they 
may deposit a little sulphur; consequently the concentration of 
such solutions must be fairly frequently checked when they are 
used for volumetric analysis. 

The thiosulphates can be oxidized without difficulty either to 
tetrathionates or sulphates. When treated with acids they evolve 
sulphur dioxide^ just as sulphites do, but they can be distinguished 
from sulphite by the sulphur which they deposit at the same time: 

S20s*'+ 2H- =S02 t +S ^ +H2O. 

PotyraioNic Acids. — ^T hese acids or their salts inay be prepared 
special methods, some of which are briefly epitomized in the 
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foUoMmg equations of reactions in aqueous solution, at room tem- 
perature, unless otherwise indicated. 

(z) DiOnonate: 

2Na£S08+2AgN0s=Na,Sj0e+2NaN0s+2Ag 4 - (loo*). 

( 2 ) Trithionate: 

Na,Ss0,+2NaHS08+2S0*=2Na8Sj0e-fH,0. 

( 3 ) Teirathionic add: 

S2Cla+2S02+2H80=H8SA+2HCl. 

(4) Pentathionic acid: \\ 

5Na2S208+ioHCl=*2H2S80e+3H20+ioNaCl(-io»)l\ 

O 0 \ 


The polythionic anions may be written 0=S^ 


S=0, in which 





« runs from 0 to probably 4 . The n sulphur atoms link the (SO3)- 
groups in a simple chain. 

Soliihiiz h^^tozide, Persolphuzio anhydride, SgO,, is made by 
exposing a mixture of sulphur dioxide or sulphur trioxide and oxygen 
to the silent discharge. 

4S08“f"02 =25207. 

Sulphur heptoxide is a coloiurless liquid freezing at 0 °, which, on 
warming, readily decomposes into sulphur tiioxide and oxygen. 
It dissolves in water with the evolution of much heat to give a 
soluti<m of persulphuric add, HjSjOg, called perdkulphuric add to 
distinguish it from pennonosulphuric acid, HgSOj. 

Fersulldiurio acid, HjSgOg. — ^This add has the structure 
HSOg— O— O— HSOg. 

It can be synthesized by the action of hydrogen peroxide on chlor- 
sulphonic add: 

S0j.0H.Cl4-H.a0.H+C1.0H.S02=S0j.0H.0.0.0H.S02+2HCl. 
The tnost ccmvenient method of pre^^uring a solution of this substance 
is the dsctrolysis of not too concentrated sulphuric acid (40 per 
c^t^ in a diaphikgm cell at a low temperature with a small smooth 
jdatmum anow and a high current density. Un^r these conditions 
the oxygwi over-voltage is a maximum. ~ 

aHSO/ssHgSgOg-f-a dectrom. 

^ us^ anhydrous hydrogen paoxide and chlcnsulidtmuc acid, 
as describe above, the anhydrous add can be prepared. It is a 
fairiy stable sdid, melting at 65 °, vridch readily loses oxygen on 
wanning and is a powerful oxidizing agent. 

SoiBliBt Mnadiieb SO«, is a white solid, M.P. 3”, obtained when 
amixture of sa 4 >hur dk>xide with excess of oxygm is sul^ected to 
die glow dectric disdiazge at low {vessure (tess than i mm.). It is 
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a powerful oxidizing agent, converting manganous salts into per- 
manganates and aniline into nitrobenzene. From its formula it 
would appear to be the anhydride of permonosulphunc acid, HoSO«, 
but this acid is not fomaed when the tetroxide is dissolved in water! 

Pennoiiosiilphiiiio ^ aoid» H2SO5, sometimes called Caro’s 
after its discoverer, is prepared by the anodic oxidation of coficcfir* 
iraUd sulphuric acid, or by treating potassium perdisulphate with 
concentrated sulphuric acid, a curious reaction which is apparently 
a hydrolysis: 

HOjS.O.O.SOjH+H^O^HOaS.O.OH+HjSO^. 

The anhydrous acid may be prepared from hydrogen peroxide and 
half the amoimt of chlorsulphonic acid required for the conversion 
to perdisulphuric acid: 

H03S.a+H.0.0.H==H03S.0.0H+HCl, 

and this shows the acid to be a sulphonation product of hydrogen 
peroxide. The anhydrous acid melts at 45®. It is a powerful 
oxidizing agent resembling perdisulphuric acid in its behaviour, but 
its active oxygen, as might be expected from the constitutional 
formulae of the two compounds, is more easily accessible. Solutions 
of permonosulphuric acid, like solutions of hydrogen peroxide, vdll 
liberate iodine fairly rapidly from iodide solutions, whereas with 
perdisulphuric acid the action is much slower. 

The persidphates are produced on the manufactuimg scale by 
electrolysis for use in the dyeing industty as oxidizing agents, 
and for the preparation of hydrogen peroxide. 

The Halides of Sulphur, — Sulphur combines with all the 
halogens except iodine to form halides, which are volatile substances 
decomposed by water, with the exception of sulphur hexafluoride, 
the stablest member of the series, and a compound in which sulphur 
displays its maximum covalency. 

Flu^eB,— Sulphur bums in fluorine, the prmcipal product 
being sidphur hexafloride, SF3, a colourless gas, boiling-point 64 j 
melting-point —51®, It is a very stable inert substance, unchanged 
on heating, nearly insoluble in water, and unaffected by fused 
caustic pot^h. It can, however, be decomposed by strong reducmg 
agents such as boiling sodium, or by sparking with hy<togen. 

Sulphur iecajluoride, a liquid boilmg at 29 , is pr^uced 
with the hexafluoride when sulphur bums in fluorine, and is a$ 
unreactive as the latter. constitution is F5S— SF5. 

, Sulphm mofu^mride, SgF*, is probably obtained when sulphur 
is heated witih i^ver fluoride. , , 

— Sulphur reacts with chlorine at the 
pcrature, the first product being sulphur nioi%ocMoT%de, 
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most stable chloride of sulphur. The product of the reaction is 
purified by distillation at 138°, which frees it on the one hand from 
the less volatile sulphur, and on the other from the more volatile 
sulphur dichloride. The monochloride is a fuming yellow liquid with a 
suffocating odour; it is decomposed by water, with the formation 
of hydrocUoric acid, sulphur, and a mixture of sulphur apmdds, 
and on heating is partially decomposed into sulphur d|diloride 
and sulphur: „ U 


iSCl.+S. 


It is used in the chlorination of organic compounds, and'^o in 
the preparation of inorganic chlorides. Electron diffraction shows 

CL Cl 

S,C 1 , to have the structure \g_g/ ' When sulphur is ex- 
posed for a longer period to the action of chlorine in excess, sulphur 
dichloride, SCI,, is obtained, and can be purified by ^tiUation 
at 50° in a rapid current of chlorine. It is a heavy brown liquid, 
fuming in air, and with a strong smell resembling that of chlorine; 
its reaction with water is similar to that of the monochloride. 
It gives off chlorine slowly at ordinary temperatures and more 
rapidly on heating, leaving the monochloride. Sulphur tetra- 
chloride, SCI4, is a yellow solid which can exist only at low tem- 
p^tures, say below —30®; on melting it decomposes into the 
dichloride and chlorine. It is prepared by the action of chlorine on 
the monochloride at a low temperature. 

BrooddeB. — Sulphur and bromine probably form only one 
compound, sulphur monobromide, S,Br„ easily obtained by heating 
the elements together in a sealed tube on the water-bath. It is a 
heavy red liquid, freezing at —40® and fuming in air. It is deem- 
posed by water and is also decomposed into its elements on heating. 

OXYHAUDES OF SoLPHUR. — Sulphur forms two principal series 
of oxyhalides: the sulphuryl halides, such as SOjCl,, the add 
dichloride of sulj^uric acid, and the thionyl halides, such as SOCli, 
the add dichloride of sulphurous acid. 

Sn^mild filiot^ SO,F„ is prepared by combination from 
svdibnr dioxide and fluorine. Luce sulf^ur hexafluoride, it is a 
very stable odourless gas, only slightly soluble in water. 

SolplmiiPl cMotMe, SO,Cl„ can obtained by combination from 
sulphur dioxide and chlorine. The action takes place riowly in 
sumi^t and can be accelerated by a catalyst, such as charcom or 
camphor. It can also be preparra without difficulty by boilii^ 
t tbe add monochloride — dilorsulphonic acid— with a little mercunc 
suhffiate as catalyst; 

3a.so,H»H,so,-j-so,a, t . 

9iylpblityt c^^orida » the most volatile oonsritnent of the resulting 
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mixture, Md cot be distilled off through a reflux condenser at 70®. 
which retail the cWorsulphonic acid. It is a colourless liquid 
fuming in air. and with a suffocating smell; it boils at 70®, but the 
vapour is parti^y dissected. When mixed with water it evolves 
much heat, and forms first chlorsulphonic acid, then hydrochloric 
and sulphuric acids : 

SO A +H 20 =Cl.S 0 aH +HC 1 . Cl.SOgH +H *0 =H2SO«+HCl. 

Tbionyl cbloridSi SOCla. — Numerous methods are available for 
the preparation of this compound. It may be obtained by the 
action of phosphorus pentachloride on sulphur dimfiHp or the 
sulphites: 

S02+PCl5==S0Cl2+P0Cl3, 

or by heating sulphur trioxide with sulphur monochloride: 

S03+S2Cl2=S0Cl2 1 +SO3 1 +s. 

It is a heavy colourless liquid with a strong smell, and boils at 78®; 
it can readily be distilled without decomposition if water-vapour 
is excluded. It is immediately decomposed by water, forming 
hydrochloric acid and sulphur (hoxide: 

SOCla-f-H^O-SOa f +2Ha 

Thionyl chloride is used in organic chemistry to replace hydroxyl by 
chlorine: 

aROH+SOClj^aRCl+HgO+SOj. 

Thioxiyl fluoride, SOF3, and thionyl bromide, SOBr,, have also 
been prepared, but thionyl iodide is unknown. 

Sulphur nitrides and sulphur phosphides*-~See pp. 425 and 636. 


Selenium 

Se=78-96, Atomic Number, 34 

History.— It is possible that Arnold of Villanova (early 
fourteenth century?) was the first to notice selenium, since he 
mentions a * red sulphur * attached to the walls of a chamber in 
which crude sulphur had been vaporized. The effective discovery 
of the element was, however, made in 1817 by Berzelius, who 
isolated it from the red powder that had collected on the floors of 
^ sulphuric acid works. He found that it closely resembled tel- 
luriuiu (q.v.), and was therefore induced to call it sdenium, from 
the Greek the moon, since tellurium had bear named 

from the c^arth 

Ooombbw# wift — ^Sdenitim is one of the rarer eleffl^ts. 

and occBM only in quantities in ores, usually as the setoude <a 
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a metal* The selenitun of commerce is therefore extracted from the 
deposit which collects during the manufacture of sulphuric acid. 
There are several methods of extracting the seleidum from this 
deposit. One of the best is to heat the dried deposit in a stream of 
chlorine, when the volatile ddorides of sulphur and selenium are 
driven off and may be retained in waiter. The resulting iliquid is 
then filtered and made very strongly add with hydrogen piloride. 
The selenium can then be precipitated in the elementary smte with 
sulphur dioxide, leaving ill the sulphur and tellurium (if any is 
present) in solution; though if the solution is not sufiBidenHy acid 
the tellurium will come down as well. It may be v purified by 
dissolving it in hot concentrated sulphuric add, which con’^erts it 

to the dioxide SeOg, and pre- 
cipitating the diluted solution 
1 sulphur dioxide. 

1 Prope^es. — Selenium occurs in 

j2 / i three principal allotropic forms, 

2 : / i whose relations can be followed 

§ *• diagram. 

^ vitreous or amofphous 

^ j j form is an imdercooled liquid 

^ ; i 'which is precipitated from selen- 

i 70 ®i j2J7« ium solutions by reduction, as for 

^ instance with sulphur dioxide. 

Colloidal selenium belongs to 
Fig. 140. The Allotropy of this variety, which, like certain 
Selenium forms of sulphur, is soluble in 


— Temperature — 

Fig. 140. The Allotropy of 
Selenium 


carbon disulphide. 

2. A ntonoclinic variety, also soluble in carbon disulphide, is 
deposited from hot solutions of selenium as small red crystals. 
These melt in the neighbourhood of 170®, if rapidly heated, but at 
this temperature all forms of the element pass fairly soon into the 
metallic form. 


3. Mi^aUic selenium has the lowest vapour pressure and is con- 
sequently the most stable ; all other forms revert to it with a velocity 
wluch can be. accelerated by heating. Il^is a grey crystalline sub- 
stance> deniaty 4*8, isomorphous with tellurium and insoluble in 
c^bon disulphide. It mdts at 217®* This form of the element 
has soxne metaUic characteristics, and among them the power of 
a3l3duct|i^ electricity, which thou^ feeble is readily distii^uishable 
from the Insulating power of such a substance as sulphur^ It was 
noticed by W. Smith in 1873 that the resistance of selenium was 
v^ markedly affected by illuminating the element* When sele- 
nium is exposed to light the resistance f^, rapidly at fiistii and then 
more idiMiir. imtil a constant and much lower yaloe ll reached. 
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On removing the illumination the original resistance is recovered 
rather more slowly than it was lost. 

The change in resistance cannot be attributed to a change in 
temperature, for the same effect is noticeable if the selenium is 
kept under water during exposure. It is supposed that light 
stimulates the expulsion from selenium atoms of the free electrons 
to which electrical conductivity is due, and provides the necessary 
energy; then, in the dark the free electrons, or some proportion of 
them, recombine with positive ions. An alternative but not 
necessarily exclusive theory postulates a new allotropic form of 
selenium, of lower specific resistance, produced by the influence of 
light. Whatever the explanation, this property of selenium has 
been put to practical 
use in photoelectric 
cells, in which a short 
thin plate of selenium 
is connected with a 
relay. Such an ap- 
paratus can be made 
to ring an alarm when 
exposed to the lan- 
tern of a burglar, or 
to start a lighthouse 
at dusk and ex- 
tinguish it at dawn. 

In recent years such 
cells have also been used in certain forms of sound films and of 
television, and in a new type of gramophone in which the record 
consists of a perforated paper strip. 

Selenium is stable in the air, but bums on strong heating, forming, 
as does sulphur, the dioxide with a little of the trioxide. Like 
sulphur, selenium can be made to combine with almost all elements. 
It is unaffected by hydrogen ions, but is easily oxidized and will 
dissolve in dilute nitric acid as the dioxide, SeO^, or perhaps as 
selenious acid, H^eO,. 

When selenium vapour is heated the complexity of the molecules, 
as determined by vapour-density measurements, is gradually 
reduced from about Se^ at about 200® to Se2, and at, say, 1400® the 
change is nearly complete. 

HMcogen ietenUte* H^e, made by the union of the elements at 
500® or by the action of water on aluminium selenide, is a colourl^s 
po^hous gas ^th an odour recalling that of hydrogen sulphide. 
It is much stable than this compound, as is shown by its reaction 

with sulphur: 

HjSeH-S^HjS+Se, 



Fig 1 41. Effect of exposing Selenium to 
Light 
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and is dowly bnt comfdetely decomposed into its dements at 
ordinaxy temperatures if exposed to sunlight. By moist air it b 
fairly rapidly decomposed into selenitun and water: 

2HjSe+0j=2Se+2Hj0, 

and in its behaviour on burning it rambles hydrogen sulphide. 
It is Burly soluble in water, but the solution deposits seLsnium if 
exposed to the air. With solutions of the salts of mon metals 
hydrogen selenide precipitates insoluble selenides, but the menides 
of the alkali-metals are- soluble in water. In these elutions 
hydrogen selenide, a very feeble add, is formed by hydrol}^, and 
uidess they are isolated mom the air they deposit selenium. \ 
Seleniam dundde, SeOj, is prepared by burning selenium (h high 
tempmature is required), or by evaporating to di3mess nitric acid 
in which selenium has been dissolved. It is a colourless solid with 
yellowidx-green vapour; it sublimes on heating and the vapour 
pressure reaches 760 mm. at 315°. It is much less stable than 
sulphur dioxide and will readily part with its oxygen: it will, for 
example, oxidize ammonia gas to nitrogen: 

3Se0,+4NH,=2N2-}-3Se+6H,0. 

In solution, however, it has feeble reducing properties. It is very 
scduble in water, and by cautious evaporation of the solution 
■denioas add* HySeOj, can be prepared, a stable substance al^ 
produced when the dioxide is exposed to moist air. Selenious acid 
is rather weakm- than sulphurous acid. Selenite solutions, which 
contain the ion SeO,*, are much feebler reducing agents than the 
sulphites. They can be completely oxidized by chlorine but not 
by iodine, while with bromine an equilibrium is reached (N.B.— 
Sulphites will reduce all the halogens) : 

Se0,'-|-H,O-f-Br,^SeO4'4-2H'-}-2Br'. 

On the other b^d concentrated selenic add will oxidize hydrochloric 
add to dUorine, so the reaction is really a reversible one. The 
reactions with the analogous sulphur compounds are interesting. 
Selenium is .deposited from selenium dioxide or selmrious acid by 
reductum withdthtt sulphur, hydrogenj^phide, or sulphur dioxide: 

SeO,-f-S=Se | +SO*. 

H^,-|-2H,S=Se 4. -f 2S 4 -f aHjO. , 
HjSeO,-)-2SO,-l-HjO=Se 4 -f-2H*S0«. 
faiwiride, SeOs, has, with difficulty, been prepared as ^ 
white salffimate, by passing a g^ow discharge dmnigho:^en in the 
presence of selenitun. 
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It is a pale yellow solid which reacts with water to form selenic 
acid| and when heated to 120 yields the dioxide and oxygen 

Sdenic add» H,Se04.— Selenates such as KjSeO* can be prepared 
by fusing selenium or a selenite with the nitrate of an alkali-metal* 
or by oxidizing a selenite solution either with chlo rin e or electro- 
lytically. By acidifsdng selenate solutions and concentrating them, 
it is possible to prepare crystals of anhydrous selenic acid. These 
crystals melt at 61° and, like sulphuric acid, develop much heat 
when mixed with water. Selenic acid is a far stronger oxidizing 
agent than sulphuric acid, and begins to decompose into selenium 
dioxide and oxygen at about 200"^. In its action on organic sub- 
stances it resembles sulphuric acid, but it will oxidize hydrogen 
chloride to chlorine and, if hot and concentrated, will also dissolve 
gold, being thereby reduced to selenious acid. More energetic 
reducing agents, such as sulphur dioxide, reduce it to selenium. 
The selenates in other respects somewhat resemble the sulphates, 
and there is a striking similarity between the solubility curves of 
sodium selenate and sodium sulphate (p. 130), the transition- 
temperatures being nearly identic^. Barium selenate is insoluble 
in water, but may be distinguished from barium sulphate by the 
power, which it shares with the soluble selenates, of oxidizing 
hydrochloric add. 

Halides. — ^These compotmds resemble the halides of sulphur, 
though there are important differences, e.g. no dichloride is known. 
Selenium hexafluoride, SeF,, like sulphur hexafluoride, is a stable 
gas, quite unaffected by water, the covalency maximum of 
both elements being six; compare the chlorides of carbon and 
sUicon. Selenium tetrafluoride, SeF4, is made from selenium 
tetrachloride and silver fluoride. It is a colourless fuming 
liquid, melting-point —13®, bofling-point 93®. 

Selenium tetrachloride, SeCl4, prepared by union of the elements, 
is at ordinary temperatures a solid substance which sublimes on 
heating. The vapour pressure reaches 760 mm. at 196®. 


Tellurium 

Te=i27*6i. Atomic Number, 52 

Htotary. — In 1782 von Reichenstein suspeded that the Tr^- 
sylvanian known as white gold ore (TrwssgoWer^), generally 

supposed to be an alloy of antimony and^ bismuth, m reality 
contained a hitherto unknown element. This suspidon was 
firmed by Bbbqhann, and before the end of the eighteenth century 
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Klaproth had isolated the element and investigated its principal 
properties. The name is derived from tMus, the earth. 

Oooixnreiioe and Eadraction. — ^Tellurium is a comparatively rare 
element which occurs in small quantities in many parts of the 
world, among them Rumania, Brazil, and the United States. The 
most important ore is perhaps bismuth telluride, BijTeg, and 
tdlurium is extracted from the alkaline residues of bismuth ores 
(p. 656). These are dissolved in hydrochloric acid and the tMurium 
is precipitated in the elementaiy state by sulphur dios^e, but 
tellurium, which is more metallic in its behaviour than lium, 
cannot be precipitated from very strongly acid solution^A The 
pure element may be obtained: 

(i) By reducing the dioxide with hydrogen and distilling the 
product in hydrogen under reduced pressure. 

(ii) By electrolysis of a solution prepared from the dioxide and 
concentrated hydrofluoric acid, with a little sulphuric acid. 

Properties. — ^Tellurium is a silver-white substance of metalhc 
apjpearance, with a fairly high melting-point (452®). It is very 
brittle, and is usually supplied in powder form. By precipitation 
from aqueous solutions a brown amorphous variety is obtained. 
This is insoluble in all solvents except those with which it reacts, and 
is converted to the crystalline or metallic variety on heating. The 
vapour appears to be diatomic at all temperatures. Pure tellurium 
pzx)babl3r does not conduct electricity. 

Tellurium is imaffected by hydrogen ions, but will dissolve in 
oxidizing acids, while caustic potash dissolves it, forming a telluride 
and a twurite (compare sulphur) : 

STe-hbOH'-zTe'+TeOa'+SHaO. 

B^^dzogen ieDciriidet HoTe, is prepared (i) by the action of dilute 
adds on aluminium telluride, its^ obtained by union of 

the elements; or (ii) by electrolysing dilute sulphuric add with a 
tdlurium cathode. It boils at a® and is a highly unstable gas, 
decomposing s|K)ntaneously even in therdark and rapidly decom- 
posed by air mto tellurium and water. In odour it somewhat 
resembl^ hydrogen sulphide and selenide. 

The tdluiides resemble the sdenides, but the soluble Jtellurides— 
of the alkali-metals — ^are even less stable in solution than 
t^^noluble sd^des and axe very readily osddized with the 
w|feitatm of t^urium. 

is formed when tellurium bums in the 
can abo be prepared by dissolving tdlurium in 
Uitiic add and evaporating to dryness. It is a white soha 
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whic* ^eis from sdenimn ^oxide in being insoluble in water. 
It wiU, however, ^ve m aads, and is in fact amphoteric, though 
its basic propertiM ^ excessively weak. The salts of telluri^ 
are aU decompo^ by water and can exist only in strongly acid 
solution. Te(SO,)„ can. however, be iited 

as a colourle^ crystalline sohd from its solutions in concentrated 
sulphuric acid. 

Tdhuons ad^ HjTeO,. cannot be prepared by the action of 
water on the dioxide, but is precipitated when the nitric acid 
solution is poured into water, in which it is not very soluble. The 
tellurites, like the tellurates. usually have more complex con- 
stitutions than the simple formula suggests. They are readily 
reduced to tellurium or oxidized to tellurates, as for instan ce 
by permanganates. 

IMuric add, HjTeOj. — This compound can be prepared by 
methods similar to those used for the preparation of wlpnir add, 
but it differs in constitution from selenic or sulphuric acids. If 
the tellurates are formulated as though they were derived from 
HjTeO,, it is found that they retain two molecules of water of 
crystallization per molecule of salt which cannot be removed 
without decomposing them. The formula of such a compound as 
BaTe04.2H20 should therefore be written BaH4{TeO,), and this 
view is supported by the existence of organic compounds such as 
Te(OCHj)4 and of salts such as Age(Te04). In Group VII the 
adjacent element iodine shows a very similar behaviour. 

Like the selenates, the tellurates are oxidizing agents which will 
liberate chlorine from hydrogen chloride. Telluric acid is very 
soluble in water: on heating it 3delds first tdlmiiim tikndde, TeOg, 
then the dioxide and oxygen. 

Halides.— T he halides of tellurium, though largely covalent, yet 


show traces of salt-like character, and the tetrahalides can exist 
in solution if suffident acid is present to prevent hydrol}^. They 
are usually prepared by union of the elements. The h aift flu orifte, 
TeFj, is decomposed by water. The tetrahalides are more stable 
than those of selenium, and much more stable than those of sulphur: 
fhe is a colourless crystalline substance which melts 

at 225* and be boiled without decomposition at 39 ®**" 
molten salt has a fairly high electrical conductivity. The tot n to ffife 
is unaffected by cold water, in which it does not dissolve, though it 
is decomposed <hi boiling. 



702 THEORETICAL AND INORGANIC CHEMISTRY 


Subgroup A 

Chromium, Molybdenum, Tungsten; Uranium 



Cr 

Mo 

W 

V 

Atomic Number 

24 

42 

74 

ll 92 

Atomic Weight 

52-01 

95-95 

183-86 

1*38-07 

Density 

6-9 

9-1 

18-7 

\\187 

Atomic Volume 

7-6 

10-6 

9.9 

\\l27 

Melting-point 

1900° 

2620° 

3370° 



These elements are all dense, silvery-white, rather hard i^etals 
with small atomic volumes and high melting-points. In their 
compounds the transitional character, as denoted by variable 
valency and by colour, is very marked; chromium, for instance, is 
part of the series of elements V, Cr, Mn, Fe, Co, Ni in which these 
properties are apparent, and the same applies to the other elements 
of the subgroup. The relationship between the transition elements 
is discussed on p. 771. In addition to the group valency of six, 
well-defined valencies of two, three, four, and five may occur, 
and this makes the chemistry of the elements in this subgroup a 
complicated study. These vdencies may be considered in order: 

Two . — ^The bivalent compounds are all powerful reducing agents, 
as m^ht be expected. They are all salts showing a tendency to 
associate. 

Three . — Chromium forms a stable and important series of com- 
pounds in which it is tervalent, but with the other elements the 
tervalent compounds are of less importance. The stability of the 
tervalent chromium compoimds is probably due to the faciUty with 
which chromium forms complex ions, even in aqueous solutions, 
in which its electrovalency is three and its co-ordination number 
six. The hydrated sesquioxide of chromium is a weak base, so 
the salts are hydrol};sed, and is alone in displa3dng weak acidic 
jMTOperties and in forming compounds with bases — ^the chromites. 

Four . — Only tungsten and uranium form quadrivalent salts 
stable in soluticm; they are reducing agents easily converted to the 
sexival^ state. 

Five . — ^It is jarobable that chromium can be quinquevalent, 
and quinquevalent compounds of molybdenum are well estab* 
Bshed. 

; Six . — This is the group valency, and is conspicuous in all the 
elements of this subgroup: the sexivalent compounds are almost 
only links with Subgroup B. Such are the hexafluorides, 
by all tile eleiiients except chromium; they are ail covalent 
decoieposed by water. All the elements form acidic 
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triojddes whose aridity diminishes with increasing atomic number; 
uranium trioxide is amphoteric. By dissolving these trioxides in 
water, acids of formula such as HgMQ^ are obtained, but they all 
show a tendency, noticeable even in chromium, to form condensed 
acids of higher molecular weight. The simple salts are often 
isomorphous with the sulphates and selenates. 

The stability of the higher valencies increases with the atomic 
number. The oxidizing powers of chromic acid are due to the pre- 
ference of chromium iar the tervalent state, and are faintly repro- 
duced in molybdic acid but absent elsewhere. Thus the ignition of 
ammonium dichromate yields the sesquioxide, but the ignition of 
ammonium diuranate the trioxide. All the elements form coloured 
peracids of uncertain constitution. 

Of the individual elements, chromium is by far the most abundant. 
Molybdenum and tungsten, like the preceding pairs of elements 
zirconium and hafnium, niobium and tantalum, closely resemble 
each other. The complexity of their valency relations and their 
very marked tendency to form condensed compounds make their 
chemistry difficult. Uranium is distinguished by its radioactive 
properties, by the stability of its quadrivalent compounds, and by 
the series of uranyl salts produced by dissolving the amphoteric 
trioxide in acids. 


Chromium 

Cr=52*oi. Atomic Number, 24 

Histoiy. — ^In 1762-6 Lehmann described a new mineral called 
crocoiU or crocoisite. In 1797, Vauqueun showed that it consisted 
of oxide of lead combined with the oxide of a new metal which he 
proposed to call chromium, on account of its characteristic property 
of forming coloured compounds (Greek xpwfta, colour). He w^ 
able to isolate the metal in an impure state by the fusion of chromic 
acid with carbon. Purer specimens were made by Deville in 
1857, ^t it was not till 1894 that the reasonably pure element was 
prepared, by Moissan. 

OcMiurzeiioe und BztiBCtioiL — ^Chromium is a fairly abundant 
element which occurs principally as chromite, Cr^O^jPeO, sometimes 
called chrome irm ore, which is found in South Africa, Ru^ia, tte 
United States, India, and elsewhere. This mineral is washed, finely 
groux^d with and potassium carbonate, and roasted. Potassium 

dinanate iathaf^y produced: 

4K^C0,4-aCr,0,4-30,=4KaCr04+4C0, t . 

This is St s^uble'substaoce whidi is extracted by water and converted 



704 THEORETICAL AND INORGANIC CHEMISTRY 

to potassium cikhromate, Kfirfi,, by adding sulphuric add and 
jcecrystallizing: 

aCrO/+2H‘ =Cr, 0 /+H. 0 . 

The potasdum dichromate is then reduced to a chromite, K2Crg04, 
by heating with starch or some other reducing agent, and c^irduni 
sesqmoxide in a more or less jwe state is obtained fromi this by 
washing, since all soluble chromites are decomposed by waw: 

KjCr 204 +H, 0 =Cr* 0 j+ 2 K 0 H. | 

This chromium sesquioxide is the source of the metallic chlljmium 
of commerce. Its reduction to the metal can be efEected py the 
usual powerful reducing agents, such as carbon or the alkali-nietak, 
but omy with difficulty, and on the commerdal scale of the Gold- 
schmidt process (p. 533) is used, one or two hundredweights of the 
metal being produced from each charge. Since, however, a large 
proportion of the chromium used in industry is for the purpose of 
plating, it is simpler to dissolve the dichromate in sulphuric acid 
and plate direct from this solution. 

FKoertiei. — Chromium is a hard white or greyish metal. It 
melts at 1900® and boils at about 2470“. It is extremely stable 
in the air, and to this is due its extensive use as a plating metal. 
It must be heated to some 2000® before it will combine with 
oxygen ; the product is then the sesquioxide. The standard electrode 
potential (with respect to chromic solutions) is about —07 volt, 
but the metal will not dissolve in water, periiaps on account of the 
formation of a film of oxide, and chro mium plating is possible if 
the conditions are carefully controlled. It dissolves fairly readily 
in acids on warming, forming, if air is excluded, solutions of chromom 
salts, but in oxidi^g scdutions such as concentrated nitric acid it 
rapidly becomes passive (p. 423). It will, however, reduce hot 
conc^trated si%huric acid to ^phur dioxide. 

Chfomium is added to steel to make it hard and tough, and 
alloys containing a large percentage of chromium remain per- 
manently bri^t in moist air: they can be prepared directly from 
purified chrmiute by the thermit process. Alloys of chromium, 
tungsten, and cobalt are extremely hard evoi at high temperature, 
and are used in steel-butting tools. Chrmnium is also used in 
wkelrchroinium resistances (p. Soo), and in plathig the bright 
1^: motor cars, bath taps, and otW metal artides. Quromi^ 
plaring is usttalfy canwd out in a glass-fined taidc with a lead anode, 
using a high current denrity. The electrolyte is a warm concen- 
trate solution of chromic add containing a little sn^^uric acid, 
^noe the diromiom ^ting is slight^ porous, the utide to be 
plated is first pven a coatir^ of nid^ 
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Chromium Compottods.— The salt-forming oxides of chromium 
are the monoxide, CrO, the sesquioxide, CrgOj, and the trioxide, CrOo. 

The monoxide is a strongly basic oxide and corresponds with 
the chromous salts, which are not noticeably hydrolysed in 
solution, but are very readily oxidized to chromic salts, even by 
the air. 

The sesquioxide is more weakly basic, and the chromic salts are 
hydrolj^sed in solution. The sesquioxide has also weakly acid 
properties, and when fused with bases forms a series of compounds 
called the chromites: 

Mg0+Cr2j08=MgCr204. 

The soluble chromites are, however, decomposed by water. 

The trioxide is a strongly acidic oxide, and is indeed chromic 
anhydride. From this oxide the chromates and dichromates are 
derived. 

A series of unstable perchromates is also known, but the corre- 
sponding oxide, if it exists, has not been isolated. 

Oxides and Hydroxides. 

Chromiiim sesquioside, Cr^Og. — ^The preparation of this compound 
from chromite has been described: it can be prepared in a state of 
purity by heating ammonium dichromate: 

{NH4)8Cr207=CrA+N2 1 + 4 H 2 O f . 

If once started the reaction goes on by itself, and this is the basis 
of the weU-known * volcano ' experiment, in which a heap of 
ammonium dichromate is ignited by a red-hot wire thrust into it. 

Chromium sesquioxide as thus prepared is a voluminous green 
powder insoluble in water; it has been used as a pigment. It is very 
difficult to reduce, but can readily be oxidized to a chromate by 
fusion with a base and an oxidizing agent such as potassium per- 
manganate. Its rate of solution in acids, like that of many other 
met^c oxides, depends on the temperature to which it has been 
heated^t and if it has been strongly ignited is very small. Associated 
wity varying amounts of water, it is precipitated as a jelly from 
chromic solutions by alkalis, but dissolves in excess. Tnis is not 
due to the formation of a chromite (which cannot exist in aqueous 
solution), as can be shown by dialysis, which separates the wholi^f 
the sesquioxide; the alkaline solutions are in fact colloidd. Tne 
sesquioxide is ailbo precipitated from such alkaline soluti^s by 
boiUng oar even on long standing. If ammonia is added to cmomic 
solutions the same precipitate is thrown down, but it dfcsolv^ m 
excess of ammcaiia with a violet colour due to a complex cteoimum* 
ammonia ion. 
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Cbsomiiim ffiozide, CrO|, is pepaied by heating the hydroxide 
in ox 3 ^gen; coi strong heating it decomposes into the sesqmoxide 
'and oxygen. It can be precipitated from cold solutions of a 
chromate and a chromic salt: 

CrOZ+aCr"' +2H*0=3Cr0, | + 4 H'. 
a reaction which supports the view that it is a compound of ihe basic 
sesquioxide and the acidic trioxide — Cr,Os.CrO,. It is decomposed 
by boiling water into the sesquioxide and chromic acid: u 

Crs0s-Cr0s+H80=Crj0,+H,Cr0«. 

CBhromotui oxide, CrO, is best prepared by wanning chrbbiium 
amalgam with dilute nitric acid, which dissolves the mercury and 
oxidizes the chromium. It is a black powder which may inflame in 
the air, forming the sesquioxide. Chromous hydroxide, Cr(OH) 2 , 
can be precipitated from chromous solutions by alkalis, but the 
oxide cannot be obtained by removing the elements of water from 
this substance, which loses hydrogen on heating: 

2Cr{0H)a=.Cr A+H* f +H,0 f . 

Cflironiiiim trioxidei CrOg. — Beautiful scarlet needles of this 
substance are precipitated when concentrated sulphuric acid is 
added to the concentrated solution of a dichromate: 

H 2 Cr 207 — H^O—aCrOj 4^ . 

They are washed with concentrated nitric acid and dried by warming. 
Tlie trioxide melts at 196® and on stronger heating is converted to 
the sesquioxide with loss of oxygen. It is very soluble in water, 
forming dichromic acid, HsCrsO^, and in the solid state or in solution 
is a powerful oxidizing agent. With organic substemces such as 
paper or alcohol the reaction may be violent. 

Chromic Compounds. — ^Solution of these compounds, which 
contain tervalent chromium, may be obtained by dissolving the 
sesquioxide in acids, or the metal in acids in the presence of air, or 
by reducing chromate or dichromate solutions with, say, sulphur 
dioxide: 

Cr,07"+3S0,+2H~2Cr-+3S04"+H20. 

These si^utions may be green or violet according to the temperature 
and ^ concentration. They have an add reaction from hydrolysis 
if they ecmtain anions of a strong add. The varying colours are 
attritoted to the existence of different complex cations in which 
dnondnm has a covalency of six and is assodated with molecules 
Ci and sometime with the addk element or radical of the 
wffl be ^scnssed more fully unda: chromic chloride. 
lAmiie ddoiMe, OtO^, may be obtained in solutkm by the 
metSK>ds }u8t described. The anhydrous salt is obtained by the 
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action of chlorine on the metal at 600', or by heating in chlorine a 
mixture of the sesqmoxide and carbon, or by heating the swinn i ^T ide 
alone in the vaponr of sulphur chloride. It is a violet oystalline 
substance with a high melting-point, which on heating in the air 
loses chlorine and is converted to the sesquioxide. 

The anhydrous salt will dissolve in water only in the presence of 
small traces of other substances, such as chromous salts. The 
anhydroi^ substance can be recovered from the snl«tif>n by 
evaporating to dryness in a current of h}^ogen chlnnd <», 

Dflute aqueous solutions of chromic chloride are violet, concen- 
trated solutions green, though the change from one form to the 
other is not alwa3rs rapid. Moreover, precipitation experiments 
with silver salts show that while the whole of the chloride can be 
immediately precipitated from the violet solutions, the green 
solutions yield only one-third of their chlorine. Bjbrrum suc- 
ceeded in isolating from the solutions a third substance, pale green 
in colour, from whose solutions two-thirds of the chloride could 
be precipitated. The cations present in these solutions are therefore 
formulated: 

[CrC1^4HgO]* dark green 
[CrCLsHjOT* pale green 
rCr.6H*0]‘** violet 

It is only to be expected that dilution should favour the formation 
of the violet form: 

[Cra,.4H,0]-}-2H*0^[Cr.6H*0]"-|-2Cl', 
and the reverse change tends to take place on heating. All th^ 
solutions dmxjsit the same chromic hydroxide on treatment with 
alkali. 

Cbiomio bromidSi CrBr^ shows a somewhat similar behaviour in 
solution, and can be prepared by similar methods. 

ClDomio Cr*(S04),.— This substance is obtairied by 

dissolving chromic hydroxide in hot concentrated sulphuric acid 
and allowing the solution (at first green) to stand, when it becomes 
violet and deposits violet crystals of the hydrated sulphate. AH 
the water may be driven off by heating in the air, leaving the 
violet anhydrous compound, readfly soluble in water, ^lutirms 

the wh^ ot mily a part of the contained sulphate radicd on 
ment with barhun solutions: they undoubte^y owe their pecul^ 
iwwertfes to complex ions, but the nature of th^ is stul uncertain. 

Aotusium cAfomium sniphaie, * chrome alum,' 

KjS04.Cr*{S04),.a4Hp. 

This w«a4ctiowa manbar of the alum famffy » a by-pfwioct ^ 
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majmfacture of alizarin, and may be obtained by reducing a solution 
of potassium dichromate in duute sulphuric add with sulphur 
dioxide, whoi it is predpitated in large _purple crystals, readily 
soluble in wato:. Chrome alum is a double and not a complex 
salt, and its solutions have the peculiarities of solutions of,ichroinic 
sulphate. j 

C9m»Dic sulphide, Cr^S,, caimot be prepared in the wetWay, as 
the addition of a suMdent concentration of sulphide ions to ohromic 
solutions leads to the predpitation of the hydroxide: V\ 

2Cr-+3S'+6HjO=2Cr(OH), | +3HaS f . '\ 

This must be carried out in alkaline solution, since in add solution 
the sulphide ion concentration is inadequate. In the dry way the 
compound may be prepared by heating the sesquioxide in hydrogen 
sul^de, or in carbon disulphide vapour. 

Gfamnuc nitiate, Cr(NO,)„ has not been prepared in the anhydrous 
condition, as the hydrates are decomposed by heat. Various 
hydrates can be prepared from the solution obtained by dissolving 
chromic hydroxide or chromium sesquioxide in nitric add. 

dmmiio oarixmatea. — ^The addition of carbonate solutions to 
chromic solutions leads to the predpitation of light green basic 
carbonates. The anhydrous carbonate has not been prepared. 

Cauoimunmines. — By treating chromium compounds under suit- 
able conditions with ammonia, often in company with ammonium 
chloride, a large number of chromammines can be prepared, 
compounds containing a complex cation in which the chromium 
atom has a covalency of six and is associated with from one to 
six molecules of ammonia. Thus cMoropentammino chromic chloride, 
[CrQ.5NH3]Cl„ is prepared by the action of liquid ammonia 
on anhydrous chromic chloride, and by the action of a little 
water on this ctunpound, chloroaquotetrammino chromic chloride. 
[CrCLH,0.4NHt]Cl,, is derived. ITiese compounds strongly recall 
the cobaltammines (p. 349). 

Chrohous Compounds.— These are obtained by dissolving 
duxHniam. iii adds (e.g. dilute sulphuiu add) in the absence of 
air, but this is an inconvenient method, and the energetic reduction 
of chromic salts is better. Chromous solutiOiie are dcy-blue in 
odour and aro not markedly hydrolysed, but are very readily 
oxidized evm by the air, since the oxidatkm potential of the 
dijSngo Ct‘'"~*CT is — 0*4 volt. IT^y Iwve been, used as powerful 
rodnang agents and fmr the remoyiil of oxygen from odxtures of 
fibw. ' ' ’ , 

Ctamoiif eliIoc^''€tClt. — ^The anhydrous compound, prepared 
iiy beating anhyxboos chromic chloride in hyrdrogen, is col^l^’ 
iKK dissdives hredy in water to fonn a blue sdntion. This is 
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readils^ prep^d by reducing a solution of potassium dichromate 
with zinc and n3WOchlonc acid. In preparing chromous solutions 
it is important first to remove all dissolved air from the reagent 
solutions by prolonged boiling or by warming under reduced 
pressure. From concentrated solutions of chromous chloride, 
prepared from chromous acetate (see below), the tetrahydrate 
CrCl2.4HaO can be precipitated with gaseous hydrogen chloride, 
and on cautious warmmg in an inert gas this yields the anhydrous 
compound. The density of the vapour obtained by heating this 
substance to a high temperature shows that, even at 1300®, the 
mean molecular weight is nearly double that required by the 
formula CrClg. 

Cfazomons acetate, Cr(CH8.C00)2.H20. — By adding sodium 
acetate to the crude solution of chromous chloride prepared in 
the manner just described, it is possible to precipitate this compound 
in red crystals, which by treatment with acids can be used for the 
preparation of other chromous salts. 

Ohiomoiie sulphate, CrS04.7H20, crystallizes as blue crystals 
from solutions which can be prepared by the methods already 
described. 

Chromites. — ^These compounds, analogues of spinel (p. 535), 
cannot be prepared by dissolving chromium sesquioxide in caustic 
alkalis, as the solutions thus obtained can be shown by dialysis 
to be colloidal. The soluble chromites are decomposed by water, 
but stable compounds can be produced by fusing basic oxides with 
chromium sesquioxide (e.g. magnesium chromite, p. 705), or by 
fusing the chloride of the met^l with potassium dichromate and 
extracting the product with concentrated hydrochloric add, e.g.: 

2BaCl2+2K2Cr207=2BaCr804+4KCl+302 \ . 

Chromates and Dichromates.— Chromium trioxide dissolves 
freely in water with evolution of heat. Salts are known derived 
from two acids corresponding with this oxide, chromic acid, H2C:^4, 
and dickromic acid, chromates are yellow in solution, 

the djichromates orange, and chromate solutions are slightly 
alkaline while dichromate solutions are slightly acid. The chromate 
are converted to dichromates by the addition of adds, and these 
are reconverted into chromates by alkalis. Neither phronuc nor 
dichromic add be isolated from solutions of chromium tnoxide, 
for on evaporation to dryness decomposition t^es place with loss 
uf oxygen, and the final product is the sesquioxide. 

The equiUbtilun in solution between chromates and dichromate$ 
is most natuxally represented by the equation: 

2Ci0/+HVCrP/+0H'. 

which the action of acids and alkalis and the hsdrolysia 
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of the solutions. Careful spectroscopic examination of the solutions 
^lows that this is only part of the truth. The prediUninating ion 
in solutions of dichromates is the bichromate ion HCrO/, produced 
by hydiotysis: 

CrA'+H, 0 ^ 2 HCr 04 ', ^ 

and the <f«chromate ion Cr^O^' is present in large proportion ontv 
in concentrated solutions. Nevertheless the solid didnomatK 
contain the ion Cr^O;', and the term ‘ dichromate ’ shmld be 
applied to them, since the' prefix ' bi- ’ by long usage indi^tes an 
add salt — that is, an add in which not all the replaceable hydrogen 
has been replaced — such as sodium hydrogen carbonate, ‘ sodium 
bicarbonate,' NaHCOj. 

In the presence of adds dichromates are powerful oxidizing 
agents, and each dichromate ion liberates three atoms of oxygen: 

Cr,0,'+8H*=3Cr“+4H40+30 
or 2HCiO/+8H’=2Cr'“-{-5H20+30. 


Dichromates will liberate chlorine from hot concentrated hydro- 
chloric add, and will oxidize bromides, iodides, sulphites, hydrogen 
sulphide (to sulphur), ferrous salts, and many other reducing 
sntetanoes. In the titration of ferrous salts with dichromates 


potassium ferricyanide was formerly used as external indicator, 
but the discovery that diphenylamine can be used as an internal 
indicator has greatly improved the process. 

Oxidation of certain organic compounds — e.g. ethyl alcohol— 
Iqr dkhromates is much affected by light. 

Hie chromates are obtained by the oxidation of chromic com- 
pounds in the presence of a base, dther in the fused state (at these 
temperatures the oxidation can be carried out with air) or in solu- 
tion. The only, soluble chromates are those of the alkali-metals, 
anamoniom, and the alkaline-earth metals, including m^esium, 
but with tte exception of barium. Since chromic add is a weak 
add, many chromates insoluble in water will dissolve in solutions of 
drong adds, which convert them to dichromates. Soluble chromates 


are pcnsonous. — 

Potagium ohnmutte, KtCrOi, is prqiared on the laige scal^e by 
faamg duome iron ore with caustic potash and potassium nitrate 
|Bid e x tract i ng the product with watg. It is a yellow substance, 
getting hi 970” and very soluble in. water. 

^ ym ni i l faw didaomatw, KtCtfi,, is prepared by roasting the ote 
Mith lane and potaadum carbonate. The tnoduct is extracted wip 


Idith lone and potasdum carbonate. The {Hoduct is extracted wi^ 
water and more potaiBiiim is added in the fcnm of sulphate; we 
liqiad is then made add with su^huric add and evaporated. The 
wanlHng potasdipm djdmnnate can eas% be purified by recrystai' 
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lization, since it is very soluble in hot but not very soluble in 
cold water, and is supplied nearly pure for use in photography* 
It is an orzmge substance, melting at about 400®, which on very 
strong heating 3delds the chromate, chromium sesquioxide, and 
oxygen: 

4K2Cr207— 4KjjCr044-2Cr203-|-302 f . 


Its solutions are much used in volumetric analysis as oxidizing 
agents, and have certain advantages over permanganates; thus 
they are unchanged on keeping, do not affect rubber, and can safely 
be used in cold dilute hydrochloric acid. They can be prepared 
from a known weight of pure fused potassium dichromate. 

Ammonium dichzomate, (NHJaCrgO,. — ^The decomposition of 
this substance by heat has been described (p. 705). 

Sodium chromate and sodium dichromate resemble the potassium 
salts, but are still more soluble in water. The latter salt is used 
in tanning leather. 

Barium chromates BaCr04, is a lemon>yellow substance prepared 
by precipitation: it is almost insoluble in water but freely soluble 
in strong acids. As the chromate of calcium is soluble in 
water, this substance is used in the separation of barium in 
analysis. 

chromatef PbCr04, occurs in nature as crocoisUe (p. 703), 
and is prepared by precipitation as a bright yellow substance 
which, under the name of ' chrome yellow,* is used as a pignaent. 
It is highly insoluble in water but soluble in acids, and is sometimes 
used in the analysis of lead compounds. 

Silver diromaie, Ag2Cr04, is a brick-red substance prepared by 
precipitation. If a drop of a silver nitrate solution is placed on a 
layer of gelatine containing potassium chromate in solution and 
spread on a glass plate, the precipitate forms in concentric rings 
separated by clear spaces. They are called ^Liesegang s ri^s 
after their discoverer. The exact explanation of this curious 
experiment has been much debated. 

Perimrium chlorocdiromatey CrO2.Cl.OK. — ^This substance is 
deposited in red-brown crystals from solutions of potassium 
dichromate in warm concentrated hydrochloric acid: 


Cr 207 '^+ 2 HC 1 ^ 2 Cr 0 sCr-bH 20 . 

With sulphuric acid it yields chromyl chloride, and is intermediate 
between potassium chromate and that compound: 

X X X 

cAfomoto cMorochromaie ckrom^ chhnde 
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Cbnnavl ddflridS) CtOtQi. — This substance is pre|>aied by dis. 
tilling a dicbromate and a chloride with concentrated sulphuric 
add. The product contains h3rdrogen chloride and chlorine, from 
which it may be freed by one or two further distillations. It may 
also be prepared by the addition of concentrated sulphuric acid to 
a well-cooled mixture of chromium trioxide and concentrated 
hydrochloric add. The chromyl chloride forms a lower Ifyer and 
may be separated. u 

CrO,+2HCl=CrO.Cl,-fHjO. \\ 

Chromyl chloride is a heavy liquid, density 1*96, with a splendid 
deep red colour, freezing at —96* and boiling without decomposition 
at 117®. It is a purely covalent compound soluble in organic 
liquids such as carbon tetrachloride; its solutions in these solvents 
are scarcely affected by sodium in the cold. It is immediately 
decomposed by water with the formation of chromic and hydro- 
dtloric adds, being indeed the add dichloride of chromic acid: 

Cr0,Cl,-f-2H,0=H,CiO4-|-2Ha 

For this reason it fumes in moist air. It is a powerful oxidizin|; and 
chlorinating agent which has found practical use in organic chemistiy, 
and, if added in the pure state to easily oxidizable substances such 
as alcohol or phosphorus, produces inflammation or explosion. 

Chramjlfliicnide^ CrOjF,, is a similar substance obtained by heating 
lead chromate with caldum fluoride and sulphuric acid. The corre- 
sponding bromide and iodide are unknown, and this has been sug- 
gested as a method of separating chlorine from the heavier halogens. 

Panfluomates. — ^When hydrogen peroxide is added to an acid 
solution of a dichromate the liquid becomes blue, and the coloured 
compound can be extracted with ether, in which it forms a deep 
blue solntitm. This is a very sensitive test either for dichromat^ 
or for hydrogen pCToxide. Tire blue substance is not a perchromic 
add,, but an odde CrO,, which by the addition of pyrime is con- 
verb^ into the compound py->CrO(, insoluble in water. From 
this blue solid alkalis release pyridine, but the remaining is 
comf^dy (Ipccnnposed, and no salt is formed. The constitution of 
the oxi^ CrOs is still uncwtain, but it is almost certainly a peroxide. 
P^ram aikaUne duomate solutions hydrogen peroxide forms true 
Rerchromates, as red sdids, MjCrOg. 

Molybdenuu 

Mo«* 95 - 95 . Atomic Nvmbof^, 42 

BIrtny.— Although th^re is no <ioubt that mol^ybdenum minerals 
were known even as early as the fourth century B.C., they 
oenfused with gaksoa and gra^ihite, and it was ]:(ot until ^ 77 ^ 
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ScHEEiJB showed that molybdenite (MoS*) is a compound of sulphur 
with a metal. The metal itself was isolated by Hjelm in 1782, and 
was called molybdenum. 

Oeenmiioe and Extraction. — Molybdenum is one of the less 
common metals, but small quantities of its ores occur in many 
parts of the world. The principal ores are molybdenite, MoS,, 
from Australia, Austria, and elsewhere, and widfenite (lead molyb- 
date), PbMo04, from Austria, Siberia, and the United States. 

Molybdenite is roasted in air, and the trioxide, MoO,, thus 
obtained is dissolved in ammonia, the product being ammonium 
molybdate, (NH4)2Mo04. This is purified by processes depending 
on the nature of the elements to be eliminated, and is then converted 
to the trioxide, M0O3, by heating. From this substance the metal 
may be prepared by the Goldschmidt process (p. 533). 

Flrop^ties. — Molybdenum is a hard white metal with a very high 
melting-point (about 2620®). It is added in small quantities to 
steel to improve the tensile strength, and is also used in certain 
alloys to increase the magnetic retentivity. On account of its 
resistance to high temperatures, it is used for the filament supports 
of amplifying valves. 

Molybdenum is slowly oxidized when heated in the air, and can 
be burned in oxygen at a red heat. It does not readily dissolve 
in most acids, but nitric acid of intermediate concentration dissolves 
it without difficulty. 

Oxides and Hydroxides. — ^Molybdenum sesquioxide, MogO,, 
like chromium sesquioxide, is weakly basic, the dioxide, MoOg, 
probably corresponds with no series of salts, and the trioxide, 
M0O3, hke chromium trioxide, is strongly acidic. 

Molybdeiiam sesquioxidey MogOg, is obtained in the hydrated 
condition by reducing the other oxides or a molybdate solution, 
often with zinc and sulphuric acid. The addition of an al kali to 
the solution precipitates the trihydroxide, Mo(OH)3, as a brown 
powder, and it is doubtful whether the anhycfrous oxide can be 
prepar^. The hydroxide dissolves in acids to give purple solutions 
of salts such as MoCl, Moa(S04),. It is not, however, ^ble 
to isolate these salts by evaporation of the solution, as hydrolysis 
takes {dace. . - . 

Mblxliteiiiiii MoO«. may be obtained by gentle oxitotmn 

of the sesquimdde, oc by reducing hydrated molybdenum tnoxide 
(molybdic add), as for instance with hydrogen. It is a grey 
substance wfaicffi will not dissolve in acids, except nitnc acid, wmch 


oxidizes it. , j ^ 

^ nHjiaiOilBl iriOKUe. MoO„ is obtain^, as al^y 
by roastiii^ ta»e in air. It may be jHepmd m a b* 

purity by ammonium mdybdate, purified by several 
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recrystallizations, first alone, then in a stream of oxygen. It is 
a white fine powder like talc, which on yery strong heating 
sublimes. It chssolves in water, forming molybdic acid, of which 
the simplest formula is H2M0O4, and in alkalis to form molybdate 
solutions. It may also, if it has not been heated to too high a 
temperature, dissolve in acids, yielding molybdenoxyl compounds, 
such as MoO(OH)2Cl2 with hydrochloric add, and Mo0^04 with 
sutehuric acid. \\ 

Molybdates. — ^The molybdic adds form several series \hf salts 
of great complexity. Solutions of the monomolyb 4 atesi , which 
perhaps contain the ion M0O4*', readily yield more highly condensed 
substances. Ammonium paramolyhdate is obtained by evaporating 
a solution of the trioxide in ammonia, and has the formula 
(NH4)4Mo70a4.4H20. It is soluble in water, and the solution in 
dilute nitric add is used in the detection of soluble phosphates, 
with which a bright yellow precipitate of ammonium phospho- 
molybdate is thrown down. After heating, this compound has 
a composition which may be represented as (NH4)2PO4.i2Mo0,. 
From the nitric add solution of ammonium paramolybdate there 
separates a white precipitate of molybdenum trioxide, associated 
with varying amoimts of water, so the solution should always be 
freshly made up when required for analysis. The simple ammonium 
monomolybdaie, (NH4)2Mo04, may be obtained by evaporation of a 
solution of ammonium paramolybdate in excess of ammonia. 

Molybdic add and the molybdates are weak oxidizing agents 
which win liberate iodine from acid iodide solutions, being them- 
selves reduced to a molybdenum ox5dodide, M0O2I, in which the 
molybdenum is quinquevalent : 

2Mo04‘^+4L+8H’=2Mo02l+It+4H*0. 

Haijdes.— Molitdeiuim hexaftaoiide* MoFe, is produced by the 
union of the elements, and may be compared with the simto 
com|K>und5 of bmgsten and uranium. It is a white solid, melting 
at 17®, and is decomposed by water. 

Mbiybtalllll ffichto rid pt {MoCl2)e, is obtained by heating the tn- 
chloride in an inert atmosphere, when ttle tetrachloride cfistils ott, 
leaving behind a ydlow powder, without reducing properties, and oi 
composition (M%a8)Cl4, the bracketed group being a comidex catm 
unique nature has been reveal^ X-ray methods, in® 
i^ialeiicy of the ccmtained molybdenum is uncertain. . 

lIcdyMeiiiiiil HoQL is obtained in sohiticm by 

^ solution of molybdenum m^de in hydrochloric acid. 1^ 
sohitian is decomposed by boiling. The anhydrous salt ^ 
psepared by reducing the pentachloride in hydrogen, but wa 
in this way it will not ^ssolve in water. 
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MolyMennm peniadiicnide. M0CI5, is prepared by the action of 
chlorine on warm molybdenum. It is a deliquescent substance, 
melting at 194® and boiling at 268®; its solutions in water are 

unstable. 

PermolyMates.— The addition of hydrogen peroxide to acid 
molybdate solutions produces a yellow colour but no molybdenum 
compound is extracted by ether. 

Holybdeniiin Uue* see p. 717. 

Tungsten 

W==:i83‘86. Atomic Number, 74 

HistOKy. — ^A gricola, in the sixteenth century, mentioned a 
mineral cs^ed lupi spuma, a name that he derived from the German 
wolfram, i.e. ‘ wolf-froth ' (FeW04 niixed with MnWOJ. From 
a somewhat similar mineral, now known as schedite (CaWO^), 
Scheele in 1781 obtained lime and a new metallic acid. Two 
years later, the brothers de Elhuyar, possibly acting on Scheele's 
direction, showed that wolfram contains the same metallic acid 
as scheelite, but associated with iron and manganese instead of 
with calcium. They succeeded in isolating the oxide of the new 
metal, and on reduction with charcoal this 3delded the metal, 
tungsten. It is likely that Scheele himself independently discovered 
a method of isolating tungsten, perhaps before the Spaniards had 
done so. 

Occuiimoe and Extraction. — Tungsten is not an abundant 
element: its most important ore is wolframite, a mixture of the 
isomorphous tungstates of iron and manganese, FeW04 and MnW04. 
There are important deposits of this mineral in Russia, Spain, the 
United States, and elsewhere. Another important ore is scheelite, 
or calcium tungstate, CaW04, which is found in the Malay Peninsula. 
These minerals are crushed and roasted; sodium carbonate is added 
either before or after the roasting, and the product is extracted 
^^ith water, in which sodium tungstate dissolves while most of the 
impurities do not. The addition of acids to these solutions pre- 
cipitates hydrated tungsten trioxide, WO3, which is washed and 
dried. The reduction of this oxide to the metal, though difficult, 
is less so than the reduction of the corresponding oxides of chromium 
and molybdenum; it may be carried out either by the thermit 
process, by reduction with carbon, or by electrolysis of a ^lutkm 
of tungstic acid in a fused mixture of alk^-metal chlorides. II 
the thermit process is used, an excess of aluminium must be avoid^, 
or some of it will be found in the product, on whose prpperti^ 
it has a deletericms effect A useful tungsten-iron altoy can be 
prepaied by the reductkxn with aluminium powder of muwd oxides 
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of tungsten and iron. Such often containing duomiiun as 

well, are toed for cutt^-tools, and an alloy of tmigsten, cobalt 
and chromium is used in the manu&cture of surgical instnunents 
The principal use of tungsten is, however, the manufacture oi 
filaments for electric-light bulbs. 

Tvng^en Filaments . — ^The earliest filaments for use||in these 
bulbs were made from carbon. The first inventor to maxe a lamp 
with a satisfactory metal filament was Auer von WELSBAm, whose 
discovery of the incandescent gas-mantle has already ^n men- 
tioned (p. 597). The ori^al metal filaments were made from the 
rare metal osmium, but they were very fragile, and the high cost 
of osmium (at that time about £100 per lb.) was a serious <^dvan- 
t^e. The great obstacle to the use of tungsten filaments was the 
difficulty of drawing the metal into wires, for tungsten, as obtained 
by all processes except the electrolytic, is a most refractory powder, 
melting at over 3000°, the highest melting-point of ^ knovm 
metals except rhenium. The modem process is approximately as 
follows. The powder is compressed into very brittle — ^indeed fra gile 
— ^bars in a hydraulic press, and the bars are then heated several 
times to 2000° in an electric furnace in an atmosphere of hydrogen. 
After this heat treatment the metal is fairly malleable, but while 
the wire is being drawn it is constantly hammered. The filaments 
produced in this way are very tough, though they are only about 
one-fortieth of the diameter of a human hair. The emitting fila- 
ments of amplifying valves are usually made from tungsten coated 
with barium oxide, which improves the electron emission. 

Rgp wte a. — ^Tungsten is a hard white metal which wtll take a 
high polish. Its melting-pcmt (3370®) is extremely high, and it 
is this fact, combined with its indifterence to nitrogen at all tem- 
peratures, that has led to its use in filaments. Moreover, the 
resistance of a tungstra filament increases with the tmpeiatuie, 
vdhereas that of a carbon filament diminishes, so that the current 
through tungpsten lamps is much steadier than through carbon 
lamps. Modem filamoits work at so hi|:h a temperature (up to 
2500®) that «ven tungstm tends to volatilize, but it is found that 
t^ volatilieation can be reduced by fiHing t^ bulb with nitrogen 
(fr* 9 xgpn instead of evacuating it. 

3^i9^ten is oxidized when heated in the air, and will decompose 

P at a red heat, but it is even less readily dissolved by adds 
Is molybdenum. It can, howevo:, be dissolvi^ by fused 
or fum oxidizing agents. ' 

m *3X0 UtosamKs. 

T ungsten dtetie, W0|, is jm^med by heaitiBg the trioxide d 
]tQi^lrogen, or by ledor&g turgstate solutibns with anc and 
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hydrochloric acid- The corresponding hydroxide, W(OH)4, has been 
prepared by electrolytic reduction of tungsten solutions. Both 
substances are insoluble in water and are powerful reducing agents. 
They are soluble in some acids and yield reducing solutions which 
contain quadrivalent tungsten salts. 

Blue oxides ot molybdenum and tungsten.— It has long been known 
that the first product of the gentle reduction of the trioxides of 
molybdenum or tungsten is often seen as a deep-blue solution or a 
blue-black solid, easily soluble in water. Similar blue compounds 
result from the mild oxidation of compounds in lower valencies as 
a penultimate stage in the final formation of the trioxide. Such 
products are found to contain metal and oxygen in atomic pro- 
portions between i : 2*5 and i : 3 and they are approximately 
represented by a formula M4O31. As they are amorphous and 
afford no definite X-ray pattern their constitution remains obscure. 
It is plausible to assume that these blue oxides are members 
of a limited range of solid solutions of trioxide M0O3 pentoxide 
M02O5. 

Tungsten trioxide, WO3, is obtained, as already described, from 
tungsten ores, and may be prepared in a state of purity by strongly 
heating ammonium tungstate in the air. It is a dense yellow powder, 
insoluble in water or acids, but soluble in alkaline solutions to form 
the tungstates. It is unchanged by heating to a high temperature 
in the air. 

Tnngstic acid and the Tungstates.— acid is precipitated 
when solutions of the tungstates are acidified; the formula may be 
H2WO4 (yellow), or H4WO5 (wlute), according to the temperature. 
If these substances are heated, water is given off and the trioxide 
remains. Tungstic acid resembles molybdic acid in the formation 
of a large number of condensed salts. Two of the more defimte 
classes are the normal tungstales, derived from H2WO4, and the 
metatungstates, U^{li^ii0ta).xH20. The nomal tungstates of 
the alkaH-metals and magnesium are soluble in water; the other 
normal tungstates are nearly insoluble. The tungstates have little 
or no oxidizingpower. 

Halides. — Tmogston hexafluoride, WF®, prepared from tung- 
sten hexachloride and antimony trifluoride, is colourless, reacts 
with water, and fumes in the air; it boils at 19*5®. 

Tougi^ieii is obtained by reduction of the higher 

chlorides, but like the corresponding compound of molybdenim 
probably does ubt possess the simple formula. It is a powerful 
reducing agent decomposed by air or water (cf.p, 714)- 
^ TaagiAoii Mteride is unknown, but by reduemg a solutmn of a 
tui^state of au aJQkali-metal with tin and hydrochlonc acid a stame 
series of $al^ such as E3Waa3 can be prepared. Concentrated 
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solutions are greoi, but the dilute ones are 5rellow. These solutions 
contain tervalent tungsten and are strong reducing agents. 

Tungilen tetrachhnide, WCI4, is obtained by cautious reduction 
of the higher chlorides with hydrogen. It is a brown solid which 
when heated yields the dichloride and pentachloride, and is decom- 
posed by water with formation of the dioxide. j 

Tungl^ peotaohloride, WClg, is obtained by distilling l^he hexa- 
chloride. It is a grey solid, melting at 250® and boilingiat 275°, 
and with water yields the blue oxide. l l 

Tongiten hexachloiuieb WCle. is the highest chloride of thb metal, 
and is produced by union of the elements in the absence of air. It 
is a violet substance, melting at 275® and boiling at 346*. The 
density of the vapour shows it to be partially dissociated, probably 
into the pentachloride and chlorine. When exposed to moist air 
it forms a volatile oxychloride, WOCI4, and is violently hy^olysed by 
water, 3delding finally the hydrated trioxide, WO,. 

Pertimgstates. — ^These compovmds resemble the permolybdates. 


URANItJM 

U=238'07. Atomic Number, (^2 
BMocy. — ^The discovery of uranium is due to KtAPROTH, who in 
1789 showed that it was contained in the mineral pitchblende. The 
name uranium was given to the new metal in comm«noration of 
Herschel's discovery of the planet Uranus a few years earlier 
(1781). Klaproth b^eved himself to have isolated metallic 
uranium, but PfeLiGor (1842) proved that Klaproth's ‘ uranium ’ 
was really an oxide, from which the metal could be extracted by 
furth^ reduction. The observation that uranium salts are radio- 
active — an observation that led to the discovery of radium— -was 
made Becquerbl in i 80 . 

Oeednsnoe and Extnciicm.— Uranium is a scarce element, wd 
its ores are also processed for the still scarcer element radium 
(p. 304): ufimium itself is required far the modem projects of 
utilidhg atomic energy. The chief source of uranium and radium is 
now the deposit of pitchblende, containing UjOg, discovered in 
1936 at the Great Bear Lake in Canada. Before this discovwy the 
richest known d<^osits were in the Belgian Congo. The radio- 
active rdatitms of uranium have cdready described (p. 3<^)- 
, The mranium we is intimatdy, mixed with sodium carbonate 

a^heatedinareverb^tcary fumai%. The uraidum is now present 

as sodium uranate, whkh.can be extracted witii ^Inte mphi^*^ 
add. At thm point the barium and radium separate out as 
sa^bates. Otiier inqxiiities are predidiated &om the sdiition by 
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the addition of sodium carbonate, which leaves the uranium in 
solution as sodium uranyl carbonate. This solution is acidified 
and evaporated and sodium diuranate, Na^U^-SHA is obtained 
as a yellow solid. Alternatively the solution may be boiled with 
ammonium sulphate, which precipitates ammonium diuranate 
(NH4)2U207, from which urano-uranic oxide, UgOg, can be obtained 
by strong heati^. 

The preparation of metallic uranium is difficult. Urano-uranic 
oxide may be reduced with carbon or magnesium or calcium in the 
electric furnace, or uranium tetrachloride, UCI4, may be heated 
with sodium in a steel bomb. 


Properties.— Metallic uranium is a fairly hard white metal which 
will take a high polish. It is malleable, ductile, and has a melting- 
point (1150°) very much lower than those of the other metals 
of the sub-group (cf. tungsten, 3370°). The metal is much more 
reactive than tungsten. It tarnishes in the air and readily 
bums when heated. It liberates hydrogen from dilute acids, and 
precipitates the more electronegative metals from solutions of 
their salts. 


Oxides and Hydroxides. — ^The principal oxides of uranium 
are the basic uranous oxide, UO*, corresponding with the uranous 
salts, the intermediate urano-uranic oxide, UgOg, with which no 
series of salts corresponds, and the amphoteric trioxide, UOg. 

Uranous Olide» UO21 is obtained by heating urano-uram'c oxide 
in hydrogen, and is a stable substance which may be black, brown, 
or red according to the method of preparation employed; the above 
method 5 delds a black product. It may also be prepared by heating 
sodium uranate with sodium chloride and charcoal, and washing 
soluble impurities from the product with dilute acid. When gently 
heated in the air it takes up oxygen and is converted to urano-uranic 
oxide, but on strong heating the lower oxide is regained. It dis- 
solves in acids only with difficulty, but by nitric acid is readily 
converted to uranyl nitrate, U02(N08)2* If is a weak reducing 
agent which vdll precipitate silver from ammoniacal solutions of its 
sits, being itself converted to the trioxide. Uranous hydroxide t 
U(0H)4, is precipitated from uranous solutions by alkalis, and 
readily dissolves in acids. It is oxidized by the air, and uranous 
solutions are reducing agents. 

Uxailo«U 7 a]lie Q9dde» UgOg, is found in nature, as already described, 
but may be artificially prepared by heating either the higher or the 
lower oxides to a moderate temperature in the air. It dissolves 
in acids^ though with reluctance, to form solutions which contain 
l>oth uranous and uranyl salts : 

UgOg+8ff =U-** +2UO2 * +4H2O. 
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Unahnn itkizide. UO3, is best obtained by gently heatin? 
anunonium dinranate: ° 


(NH4)jU.0,=2U0,+2NH,t +H3O t 

(compare ammonium dichromate). It is a red or yellow .pbstance 
which yields mano-uranic oxide on heating. It formaj hydrates 
U08 .HjO and U08.aHgO, which may also be representedlas HjUO 
and HgUOj (different forms of uranic acid), and dissolv^ readily 
in alkalis to form uranates. It also has weakly basic pkbperties, 
but these are confined to the formation of uranyl salts coVtainine 
theionUOg": 

UOg+aH’ =UOa"+HgO. 

Vianic add and fhe Uranates. — ^The uranic acids are obtained by 
dissolving the trioxide in water or by the hydrolysis of the uranyl 
compotmds. In addition to the normal acid I^UO*, other con- 
densed acids exist, but the compound HgUgOj, from which the 
stable diuranates are derived, is itself unknown. These diuranates 
are often prepared by precipitating a uranyl solution with a, base: 

2U0g’ +60H' =UgO/-f sHgO. 


The uranates are insoluble in water, even those of sodium, potassium, 
and ammonium. They are stable substances with Mtle or no 
oxidizing action. 

Uransd salts. — These salts, which contain the ion UOg", are pre- 
pared by dissolving the trioxide in acids, or by oxidizing solutions 
of uranous salts, e.g. by boiling with nitric add: 

U"”+0+Hj0=U0g"+2H'. 


Such uranyl compounds as the halides, sulphate, or nitrate are 
readily soluble in water, but the solutions are much hydrolysed, 
are strongly add, and may deposit basic salts or even uranic acid 


on evaporation. 

BslioM.— 'In these compounds uranium shows aD Valencia 
from three to six, the highest being i^en in the htxacUmide, UCl,, 
and in the ha^uoridc, UF,. This substance, togeth» with fte 
kirafluoride. UF4, is produced by the action of fluorine on the 
pentacbkaide. It is pale yellow, sublimes at 56®, is decompo«“ 
% wator and chemica^y reactive. The tetrafinoride. on the other 
fliand, Is an insoluble substance predpitated &om uranous som- 
. lioas 1^ sdiuifle fluorides, and is sometimes used in the hnaiy^^ 
^ Uranium ccimpongu^ It has a high meltiBg-point (aoou 
;iwoo®) and appdizs' to be a true salt, while the h«iaifloo”“® 
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Combination of uranium and chlorine leads to the formation of 
the UtracMoride. UQ,. together with a little of the more volatile 
pentachloride, UCl,. A heated mixture of the oxide and carbon may 
be substituted for the metal. The tetrachloride forms beautiful dark 
green crystals, which on strong heating form a red vapour. It is very 
deliquescent and dissolves freely in water. Its solution is hydrolysed 
and has a strong acid reaction; it is a powerful reducii^ agent on 
account of the facility with which it gives rise to uranyl compounds. 

Uranium trichloride, UClg, is prepared by reducing the tetra- 
chloride with hydrogen. It dissolves in water to form a red solution 
which has very powerful reducing properties, and slowly decomposes 
with evolution of hydrogen and formation of the tetrahydroxide, 
U(0H)4. 

OiyhaliBe.— tTfawyi chloride, UOgClj, is obtained by the action 
of chlorine on uranous oxide. It is a soluble yellow substance 
whose solutions can be prepared without difSculty by the oxidation 
of solutions of the tetrachloride, e.g. with nitric acid. The solution 
is ^drolysed and deposits uranic acid on keeping. 

IlniionB nttnite does not exist, since uranous comp)ounds are 
oxidized by nitric acid, but 

Uzaii^ nitrate* U02(N08)g.6H20, which results from attempts to 
prepue it, is a stable substance and the commonest compound of 
uranium. It is prepared from roasted uranium ores by dissolving 
them in nitric acid and recrystallizing. If required pure, it may be 
obtained &om nitric acid and any oxide of uranium. The crystals, 
which are yellow in colour, give out flashes of light when crushed 
or shaken. Uranyl nitrate is extremely soluble in water and 
organic solvents. The aqueous solution contains the ions UOg" 
and NOg', but is much hydrolsreed ; the anhydrous salt can, however, 
be prepared by cautious evaporation of the solution under suitable 
conditions. It decomposes on heating. 

tTnuunu sulpbaie, U(S04)2 (hydrated), is prepared in solution 
from uranous oxide and sulphuric acid. The anhydrous compound 
is unknown, but there is a large number of hydrates. The solutions 
are hydrolysed and are reducing agents. 

Uranyl Stdidiate, UOjSO*, is prepared from uranyl nitrate and Cbn- 
centrated sulphuric acid. It is soluble in water, and hydrates are 
known. 

Utanoiu oadMsiate does not exist, since the hydrogen ion concra- 
tration of uranoud solutions is sufficient to liberate carbon dioxide 
from carbonates. , • • ^ j 

Uianrt oairtwBIlte.— Only basic carbonates can be p^pitat^ 
from uranyl scflntions by soluble carbonates, but fairly stable 
double salts of the normal carbonate vnth the alkali-metal carbonates 

can be prqtared. 
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ParoMia*ei.--If hydrogen peroxide is aided to a solution of 
uranyl nitrate, an insoluble pale yellow substance with the formula 
U 04 . 2 Hg 0 is precipitated. If the solution is first made alkaline 
with caustic alkali, a solution is obtained supposed to contain a 
pruranate of an alkali-metaL The constitution of these propounds 
IS uncertain. 



CHAPTER XXI 

GROUP VII 


FLUORINE, CHLORINE, BROMINE, IODINE, MANGANESE, 
TECHNETIUM, RHENIUM 

F =19-00; atomic number, 9 Cl = 35-457; atowtc nwinier, 17 

Br =79-916; atomtcwMwfttfr, 35 I =i26*qi; atomic ««m6er, 53 

Mn=54-93: atomic number, 2$ Tc= (99); atomic number, 

Re =186-31; atomic number, 75 

Mn — ^Tc — Re 

F— Cl< 

\Br — I 

This is one of the extreme groups of the periodic table, and the re- 
semblance between the sub^oups is very slight; it is indeed, confined 
to those compounds in which the elements of Subgroup A display 
their group valency of 7. Technetium and rhenium are discoveries of 
fairly recent years, and little is yet known of the former; manganese 
is thus the only reasonably abundant representative of Subgroup A. 
Its resemblances with the elements of Subgroup B (and the typical 
elements) are to be found in the heptoxide and the permanganates. 
These are isomorphous with the perchlorates, but the sig^cance 
of this similarity can easily be exaggerated, and is diminished by 
the fact that the manganates are isomorphous with the sulphates, 
with which they have no periodic relationship. 

Sul^roup B, as might be expected, is closely connected wth the 
typical elements (compare the alkali-metals), with which it forms 
a group of elements called the halogens. 

THE HALOGENS 


These elements display a very well-marked gradation of i)ro- 
perties, though both the end members have several peculiarities. 



F 

Cl 

Br 

I 

Atomic Number 

9 

17 

35 

53 

Atomic Weight 

19-00 

35*457 

79-916 

126-92 

Atomic Volume 

17-2 

23.5 

27-1 

34*2 

Ionic Radii (from crystal 
measiirements; in Ang- 

1-36 

I -Si 

1*95 

2'I6 

strom units) 

MeWng-poiat 

—223® 

— 102° 

- 7 “ 

114 ** 

Boiliag-pomt 


- 34" 


183® 


Th* Hawoens 


723 
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As the atomic number increases the elements become less volatile 
darker in colorur, and chemically less active. The elements all exist 
in stable diatomic molecules whose tendency to Associate into 
atoms on heating increases with the atomic number. The behaviour 
of their compoimds is to a large extent controlled by the electrode 
potentials of the elements, which are (volts): F, +2*85; Cl, +1*36 
Br, +‘X‘o 65; I, +0^535. Thus each element will displkce from 
binary compounds all dements to the right of it. Fluoxme is the 
most powerful of all oxidizing agents, and with the exertion of 
electrolysis in the absence' of water no method is known of oridizing 
fluorides to the element. Chlorine can be displaced from djiloride 
solutions by strong oxidizing agents, whereas the Uberafion of 
bromine is easier, and of iodme easier still. The extreme electro- 
negative character of fluorine, connected with its unit negative 
valency and fairly low atomic volume, leads to certain peculiarities 
of behaviour which are discussed with the fluorides (p. 728). In 
iodine the electronegative character of the group is so far weakened 
that some tendency to electropositive behaviour appears. The 
halogens can attain the electronic configuration of the adjacent 
inert gas in two ways: first, by absorbing an electron to give the 
anion X' ; secondly, by release of an dectron, followed by co-ordina- 
tion with a donor molecule, such as pyridine. The result is a cation, 
(X-«-py)’. Fluorine excepted, all the halogens form salts of such 
cations, but those of iodme are the most numerous and the most 
stable. On electrolysis the iodine salts release iodine at the cathode. 
Hie amphoteric behaviour of hypoiodous acid (p. 751) is probably to 
be explained by assuming that water can to some extent act as donor to 
stabilize I‘ as (I^HgO)'. Among the inorganic compounds of terva- 
lent iodine are foxmd a nitrate, I(N08)8, a perchlorate, I (0104)3.21120, 
and the oxide I4O9 may be written 1(108)8- these bodies the triposi- 
tive cation F” may exist, but, at present, in the absence of know- 
ledge of their sfructures, such an assumption may be premature. 

The hydrogen halides form an equally well-marked series. The 


- 

HF 

MCI 

HBr 

HI 

Helting-point 

-84" 


-83® 

-51° 

Boifiag-point 

19 * 

-83" 

-69“ 

-35° 

Heat of Formatioa of gas 
(cak>xies} 

64,270 

22,130 

8,690 
(&■» liq.) 

-5.952 

(I, solid) 


Xus Hydroqss Haubbs 


almonnality of hydrogen fluoride will he noted, and is uudoubte^ 
connected with the association ol ^Ehis substance. As might ^ 
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expected from the heats of formation, the dissociation into hydrogen 
and halogen m the gas phase requires a lower temperatme with 
increasing atoxmc number of the halogen. The solubility of the 
gases in watCT, always very high, increases in this order. 

The individuality of the elements comes out most strongly in 
their oxides. In the oj^cids of type HClOj, formed by ^ the 
halogens with the exception of fluorine, the order of stability differs 
from that of the hydrogen halides, for iodine will displace bromine 
or chlorine from the bromates or chlorates, while bromine will 
displace chlorine, at least partially, from the chlorates. Chlorine 
and iodine are the only halogens to form acids of type HCIO*. 
Perchloric acid and its salts are remarkably stable in solution, while 
the several condensed forms of periodic acid are characteristic. 

Separation of the Halogens in their Salts.— Fluoride can 
be removed without difficulty by precipitation of the other halides 
with ^ver nitrate, since silver fluoride is soluble. The other 
halides can be separated m solution by making use of the differences 
in the electrode potentials; they are usually liberated at a silver 
anode with a carefully regulated potential, and are weighed as 
silver halide. Alternatively chemical methods may be used, and 
the iodine alone liberated with a ferric solution; the oxidation 
potential Fe’"->Fe*‘ is +0*77 volt. From a mixed solution of 
chloride and bromide, bromine alone can be liberated by a per- 
manganate solution of suitable addity, but for this determination 
the conditions must be carefiflly watched. AltemativelY the two 
halogens may be precipitated as silver halide, which^ weighed and 
then heated in a stream of chlorine, to convert all the bromide 
to chloride. T^e weighing is then repeated. 


Fluorine 

F= 19-00. Atomic Number, 9 

Hiatoiy.— Though hydrofluoric add was obtain^, in an impure 
state, by the action of concentrated sulphuric add upon fluorspar 
or 'Blue John ’ (CaFjJ, as early as 1771 (Scheele), it was not untfl 
x8io that Amf^ke suggested that it might be a compound of hy- 
drogai with an unknown element, fluorine, analogous to chlorine. 
Gay-Lussac and TMenard had previously (1809) earned OTt a 
thoroui^ havestigation of the add, which they b^eyed to oe an 
oxide of a new ladScal; but after Davy (1810) h^ sfewm that 
dikaia© is an the similarity between hydrochloric am 

«nd hyfb»ia^ made it extimnely probable that Ampere s 



Fluorine 


Electrolyte^ 

Mixture 
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suggestion was correct. In spite of great ingenuity and persever- 
ance, however, it proved impossible to isolate fluorine until 1886* 
when Moissan triumphed over severe experimental difiiculties, * 
Oocurrence. — ^Fluorine is a fairly abundant element, half as 
abundant, perhaps, as chlorine. The only important , fluorine- 
containing minerals are fluorspar, calcium fluoride. CaFsji and the 
less common cryolite, sodium fluoaluminate, Naj AlFg.^ 1\ 
Pxesaraiion. — Fluorine is the most reactive of sdl elemWs, and 
its preparation caused extraordinary difficulty. To this^ay no 
chemic^ reaction, apart from electrolysis, is known fron^ which 
useful quantities of fluorine are liberated, and the attefiipt to 

prepare it by the electrolysis of 
aqueous solutions always leads to 
the evolution of oxygen, whose elec- 
trode potential is far below that of 
fluorine. The problem was solved for 
the first time in 1886 by the French 
chemist Moissan, who succeeded in 
preparing fluorine by the electrolysis 
of potassium hy^ogen fliioride, 
KHF,, dissolved in anhydrous 
hydrogen fluoride in a platinum 
apparatus with platinum - iridium 
electrodes. The rapid modern 
development and utilization of fluor- 
ine compounds, especially of fluorin- 
ated hydrocarbons, has stimulated 
the large-scale production of fluorine. 
The electrolyte, which is fluid at 100°, consists of a mixture of potas- 
sium hydrogen fluoride, KHF2, with hydrogen fluoride, containing 
40 per cent of the latter. The outer vessel of steel serves also 
as cathode, and 'monel metal' is used for the diaphragm. The 
anode is form&ed of graphite. Stoppers and other fittings may be 
made of 'Teflon,' a solid polymer of perfluoroethylene, 
Arrangement is made for the addition of hydrogen fluoride 
as electrol^is proceeds. Hydrogen fluoride contaminating 
crude gas is removed by passage through towers containing 
sodium fluoride, which is converted into NaHFj. Fluorine is 
now safely compressed and transported in ‘ tanks ' of nickel or 
* m<mel metaL' 

Fluorine, F,, is a gre^ush-yellow gas, lighter m 
Coiomr than chlorine; it boils at —188® and freezes at --223 . y 
^ m ecjKS^vely pungent but otherwise not disagreeable 
and totantiy attaw aiflmai tissue, {irodxicixig severe wount^* 
iri&i nearly all demits, often widi incandescence, 



Diaphmgin. 

GraphiteL^ 
^anode 

Steel*^ 
vessel 


Fig. 142. The Preparation 
OF Fluorine 
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the cold, but not with oxygen, nitrogen, chlorine, or carbon (unless 
finely divided), though all forms of carbon unite with fluorine at 
a sufficiently high temperature. It vigorously attacks water, 
forming hydrogen fluoride and oxygen with a considerable pro^ 
portion of ozone, and also attacks moist glass, but if the glass is 
perfectly dry to reaction takes place. Fluorine will displace 
oxygen, all the halogens, nitrogen, sulphur, or phosphorus from 
their binary compounds, such as the oxides or chlorides. 

Hyjbro|»6n fltt€iide> (HF)„. — ^Fluorine combines with hydrogen 
with great violence, even at temperatures at which both the 
elements are liquid, and hydrogen fluoride is also produced when 
fluorine acts on organic substances. It is most conveniently 
prepared by the distillation of a fluoride, usually calcium fluoride, 
with concentrated sulphuric acid in a lead or platinum apparatus, 
for the acid attacks glass. On the large scale the acid is distilled 
from cast-iron retorts, collected in water-cooled lead condensers, 
and preserved in bottles made of ceresine wax. By this method it 
is obtained as an aqueous solution containing fluosilicic acid 
(HgSiFg) as an impurity derived from silica in the calcium fluoride; 
this may be precipitated as the insoluble potassium salt by the 
addition of a Uttle caustic potash, and the acid purified by another 
distillation. 

The anhydrous compound is most easily prepared by heating 
potassium hydrogen fluoride, KHFg, in a platinum apparatus and 
collecting the product in a freezing-mixture. Water is first re- 
moved from the salt by heating it for several hours to 150®. 
Hydrogen fluoride is a colourless mobile liquid, boiling at 19® and 
freezing at —84°. It is an excessively dangerous substance. The 
concentrated or anhydrous acid produces dangerous wounds on 
the skin, and the inhalation of quite small quantities of the vapour 
in the course of laboratory experiments has led to permanent loss 
of voice and even to death. 

There is every indication that hydrogen fluoride is associated. 
Not only is tiie boiling-point much higher than would be inferred 
from th$ boiling-points of the other hydrogen halides, but the 
vapour density near the boiling-point leads to a molecular weight 
of nearly four times the normal, decreasing to little above normal 
at, say, 60®. These values were determined by weighing a large 
platinum vessel filled with the gas at various temperatoes and 
pressures. The ionization of the solutions is of great interest, 
and is distinguJ^ied from that of the other hydro^n halides by 
the existence ooinpiexes^ as revved by conductivit y nya sure- 
ments, coiiductiv^ty studies of chemical ^d 

other m^ods. Conductivity m^urements in dilute solution 
show that the monomeric acid HF is comparatively weak, iwth a 
2A 
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dissodatioQ-constant of about 7x10-* (25®). More wucentratec 
solutions, however, contain considerable quantities of HF 

FHFl FFn * 

ions, the equilibrium-constant ^ of the action 

[Mb,] 


HF-FFVHF,' 

being 0-19. Aqueous solutions of the acid therefore contaii 
chiefly undissodated molecules of HF, with some HF,' jand sonw 
F' ions, as well as some H' (see also p.367). | 

Though such salts as KHF, are known, hydrofluoric acid caniiol 
properly be termed dibasic, as the normal fluoride, is n^t Tf.F. 
but KF. ? * 

Hydrogen fluoride mixes with water in all proportions: di^illatior 
yields a constant-boiling mixture containing 36 per cent oi the 
acid. It is a very active substance which attacks glass, forming 
silicon tetrafluoride: 


Si 02 + 4 HF=SiF 4 1 +2H2O, 

and is used for marking the graduations on glass apparatus or the 
letters on glass surfaces. The glass is covered with wax, which 
is scraped away where a mark is to be made, and is then exposed to 
the vapour for an opaque mark, or to the solution for a transparent 
one. The acid dissolves nearly all metals, gold and platinum being 
the principal exceptions. The remarkable solvent powers of this 
acid on metals are due less to its acid strength, which is indeed 
rather feeble, than to its great tendency to form complex fluorides 
with the metal in the anion. Its solvent action on silicates, often 
used in the treatment of silicate rocks for analysis, is due to the 
stability of the fluosilicate ion, SiF^". 

Fluorides. — The fluorides may be prepared by the action of 
the acid on the metal, oxide, hydroxide, or carbonate, but some of 
the higher fluorides — e.g. sulphur hexafluoride — ^require elementary 
flbttorine for their preparation, and a low temperature is sometimes 
necessary. Often the fluoride can be obtained from the chloride, 
either by distillation from a mixture with hydrogen fluoride, or 
with the 4 elp of silver fluoride, whic^readily forais silver chloride. 

From a majority of elements fluorine evokes, in uncharged mole- 
cules or in amons, the highest known covalency. Fluorine is the 
most electronegative element, and quite often the fluoride of an 
demmt is an electrovalent compound while the other hahdes 
laxgdy covalent, e.g* aluminium, mercury j( 4 c). Consequently 
cations easily discharged from solution — e.g^ those of silver ot 
(-ous)~often form soluble salts with fluorine as anion, 
when the other hs^des are insoluble. Jhe most important 

are those of boron, carbon, suicon, the halog^* and tn^ 
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highest fluorides of the elements of Groups V and VI (except 
chromium). ^Die fluorides of the other elements are for the most 
salt-like in character, if they dissolve in water the solutions 
have an alkaline reaction from hydrolysis. Many of them are 
unchanged by heating in air or oxygen when the other halides 
are converted to oxides or oxyhalides. Most of the covalent 
fluorides are decoinposed by water, but this does not happen if 
the covalency maximum has been reached; thus water decomposes 
silicon tetrafluoride but not carbon tetrafluoride; tellurium hexa- 
fluoride but not sulphur hexafluoride. 

The ease with which elements display a high covalency in com- 
bination with fluorine leads to a large number of complex fluorides — 
e.g. BF4', AlFj"', SiFg", ZrF,"'. Because the element other than 
fluorine attains maximum covalency, and fluorine is univalent, all 
fluo-acids, corresponding with such anions, are strong electrolytes, 
contrasting with the weakness of most oxy-acids. 

Oxygen difluoride» Huoiime oxide» F2O. — It was for many years 
supposed that no compound existed between oxygen and fluorine, 
but in 1927 fluorine oxide was prepared by the electrolysis of 
fluorides in presence of a little moisture. It is now always prepared 
by passing a fine stream of fluorine through dilute caustic soda: 

aFg+HgO-aHF+FgOf. 

: It is a colourless gas which at —146® can be condensed to a yellow 
I liquid freezing at —224®. It is a powerful oxidizing agent and 
[ wfll liberate the halogens from halide solutions, e.g. : 

FgO +4r -hHgO =2l2 +2F +2OH'. 

[The gas is slowly decomposed by excess of alkali: 

F20+20H'=2F+02 t +H 2 O. 

[Another oxide of fluorine, F2O2, has been described. 

Fluorides of the Halogens. — Chlorine and bromine form tri- 
I fluorides,, and iodine a pentafluoride and heptafluoride. Ohlor^ 
iznonofiaoriday CLF, has also been described. It is a gas, boiling-point 

-loi®, melting-point —154®. 

Chlorine teifliiO(ride» CIF3, obtained by the action of excess of 
fluorine on chlorine, is a pale green liquid which boils at ii®, forming 
a colourless gas, and freezes at —83®. 

Bron^ WjBwride, BrFe, is prepared by the action of fluonne 
on bromine or potassium bromide: 

KBr-h2F2«FK-i-BrFa. 

is a ydiow Uqmd, freessing at 9® and boiling at 127^* The vapoui^ 
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has an initating smell, and the licjuid fumes in air and attacks glass. 
It is almost as reactive as fluonne itself: it reacts >^l6ntly with 
water and converts iodine with incandescence into iodine nenta 
fluoride, IF,. ^ 

Iodine pwi t afliiarid e , IF,. — ^This compound is produced when 
fluorine acts on iodine or an iodide, but was first prepared by Gore 
in 1875 by the action of iodine on silver fluoride in a platinui^il vessel: 

SAgF +3lj=IF, +5AgI. i \ 

It is a heavy colourless fuming liquid, which freezes at— 9-^® and 
^ 4 x>ils at 97°. If strongly heated the vapour decomposes in\o its 
■ elements. Iodine pentafluoride is violently decomposed by wkter; 

2lF,+6H,0=2HI08+ioHF, 

and is a highly reactive compound which slowly attacks even dry 
glass: with the elements it usudly forms a fluoride and either 
iodine or an iodide. 

Iodine heptaflnoride, IF^, is a colourless gas obtained by heating 
iodine pentafluoride with fluorine. On cooling colourless crystals 
are formed, which sublime at about 0®. 


Chlorine 

Cl=35-457. Atomic Number, 17 

Sstory* — Chlorine was first isolated in 1774 by Scheele, who 
prq>ared it by the action of muriatic acid (HCl) upon pyrolusite 
(MnO,). He r^^arded the action as a removal of phlogiston from 
the a^, and therefore named the new greenish, gaseous product 
i^UogisHcaUd muriatic add air. When the phlogiston theory was 
replaced by the oxygen theory of Lavoisier, chlorine was con- 
smarid to be a. compound of oxygen and muriatic add; hence it 
was called oxyUmriatic acid. In x8xo, Davy found it impossible 
to extract oxygen from oxymuriatic add by any of the numerous 
means that suggested themselves to him, and for this reason 
cmiduded that it was an dem^t. After consultation with other 
durarids^ he prc^Ktsed to call it chlorine, from tiie Greek 
, eh/pros, grmash^elloy 

O e c o iw B ae ml Chloriiie is an abundant element 

—the most abnndant erf the hakwem. Most die dflorine 01 
ooimneioe is made from sodium qdonde. Ma^ attempts nave 
been ma^ to man|ii^ore chidtine foam the nalduin chlonae 
udndi is produced in sadb laxge quantities as the 
ihMsafartmir^f processes 442), but these hl^ mt> 
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most p3.rt> teen coinni6Tci3lly successful. On the commercisLl 
scale dilorine is made either by the electrolysis of brine, or by the 
oxidation of hydrogen chloride, itself manufactured from salt. 
The former method has already been described under the heading 
of caustic soda (p. 437), 

During the war of 1939-45, when heavy demands were made on the 
production of chlorine as well as on that of electric power, non- 
electrolytic methods for the manufacture of chlorine, such as the 
Deacon process, were revived. 

The Deacon process is carried out in the gas phase on the surface 
of a catalyst, the oxidizing agent being air: 

4HCl+02^2H20+2a2. 

The oxidation takes place with the evolution of heat, and is there- 
fore more nearly complete at low temperatures than at high ones, 
provided that equilibrium is reached. But at low temperatures 
the action is very slow, even on the surface of the best available 
catalysts, and consequently an intermediate temperature is used 
corresponding with only partial conversion. By using oxygen 
instead of air, or by increasing the pressure, better 5delds could be 
obtained, but these expedients have not up to the present been 
found remunerative. The catalyst is cupric chloride, and the 
temperature used is about 440°, at which the percentage of hydrogen 
chloride actually oxidized is about 65 per cent. As in all similar 
operations, the reaction mixture must be carefully purified, or the 
catalyst will be poisoned; this is accomplished by washing the gas 
with sulphuric acid and passing it through dust-collecting plant. 
After pre-heating to about 220®, the gas enters the contact chambers, 
which are filled with earthenware balls soaked in a concentrated 
solution of cupric chloride and dried. On leaving the contact 
chambers the mixed gases meet sprays of water, which wash out 
unchanged hydrogen chloride, and then contain not more than 
12 per cent of chlorine by volume. This dilute chlorine is, however, 
sufficiently concentrated for the manufacture of bleaching powder 
(for which'it is usually required) in suitable plant. The successive 
reactions on the catalyst are considered to be as follows: 

(i) 2CuCl*«aCuCl-l-a«, (2) 4CuCl-h0a=2Cus50GV , 

(3) CU|OC4-f2HCl=2CuCl+HaO-|-Cla. 

Chlorine is usually transported in the liquid state, and liquid 
chlorine is now a conunon article of commerce. The gas for this 
puipose must be concentrated (Deacon chlorine is unsuitabte) ; 
if is dried with concentrated sulphuric acid and liquefied by^ 
fission to six atmo^beres. The Hquid can safely be carrifd ihi 
steel q^lindas or tank*cars if it is dry. 
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The principal use of chlorine is in the manufacture of bleaching 
powder (p. 496) and hydrochloric add; it is also used in the manu- 
facture of synthetic dyes and in sterilizing water supplies. In the 
war of 1914-18 it was the first poison gas to be used. In the labora- 
tory it is used as an oxidizing or chlorinating agent, and may be 
prepared for this purpose by the oxidation of concentrated hydro- 
chloric acid. This substance may be heated with mam;anese 

diomde: 4HCl+MnO,=Mn"+2Cr+Cl, f +2H*0. . \ 

or simply dropped on to solid potassium permanganate: \ 

ifiHCl+zMnO/^zMn* +6Cl'+5Cl2 f +8HjO. 


Chlorine from these sources may contain traces of oxygen, and if 
gas of the highest purity is required — as for instance for atomic 
weight work — ^it should be prepared by heating the chlorides of 
gold or platinum in a vacuum, or by the electrolysis of pure 
fused silver chloride. The gas may be dried with concentrated 
sulphuric acid. 

PfOperties of CSilozine. — Chlorine is a greenish-yellow gas with a 
suffocating smell, and is more than twice as dense as air. 'Hie inhala- 
tion of chlorine diluted with air has been recommended as a cure for 
catarrh. Chlorine can be liquefied without difficulty at room tempera- 
ture by compressing it to some six atmospheres. It is not very 
soluble in water: at 15® and atmospheric pressure a saturated 
aqueous solution contains about 8 gm. of chlorine per litre. By 
cooling such solutions to a low temperature crystals of chlorine 
hydrate are obtained, the formula of which has been variously given 
as Clj-yHaO, Cl2.8HaO, and Clg-ioHaO. These crystals decompose 
when flowed to regain room temperature. 

Chlorine is a highly reactive substance which combines with 
most metals to form chlorides, often with incandescence {e.g. 
antimony or aluminium). Among other metals, platinum, gold, 
and mercury are all attacked. It combines with hydrogen in 
the li^t (p. 273), but mixtures of the two gases can be kept 
indefimtely in the dark. A jet of chlorine will bum in hydrogen 
and vice versa. The affinity of chlorine Jpr oxygen, on the other 
hand, is slight, and direct combination cannot be effected. 

CMorim Water , — ^Solutions of chlorine in water have the pro- 
parties hydrodfioric and hypochlorous adds, produced as follows: 

a^+Kfi^ua+mzio. 


iS^ equiEbsium was investigated by Jakowkin by two methods: 
The concentratiqa of the adds can be debmmined by con* 
ductivity method, since it is reaacmable to suppose that 
mdeoiles oi chlorine do not coxnJuct the cuntnL 
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(ii) Th€ partition of chlorine can be measured between water 
and carbon tetrachloride, a liquid which extracts only 
negligible concentrations of hydrochloric or hypochlorous 
acids from aqueous solution. The hydrolysis causes variation 
in the partition-ratio, and the degree of hydrolysis can be 
calculated from the observed ratio. A solution containing 
about 4 gill* litre at o® is about 30 per cent hydrolysed: 
the degree of hydrolysis increases with the temperature. 
The hydrolysis is entirely reversible, and if the solution is 
made strongly acid, chlorine is evolved. 

The least volatile constituent of chlorine water is the hydrochloric 
acid, and this substance alone remains behind as a dilute solution when 
chlorine water is boiled for some time. If exposed to light, chlorine 
water is also unstable at lower temperatures, and evolves oxygen: 

2Cl2+2H20==:02 1 +4HCI, 

but if the solution is concentrated, some chloric acid may also be pro- 
duced by decomposition of the unstable substance hypochlorous acid : 

8HC10=2HCl08-f6HCl-h02 1 • 

The bleaching powers of moist chlorine are due to the hypochlorous 
acid which it produces in contact with water. Many coloured 
substances, such as indigo, can be converted by moist chlorine to 
colourless oxidation-products. The oxidizing power of chlorine is 
a necessary consequence of its afl&nity for hydrogen; thus it will 
oxidize gaseous ammonia to nitrogen: 

8NHs+3Cl2=N2+6NH4Cl. 

The reaction is accompanied by a vivid red flash, easily visible if 
it is carried out in the dark. If, however, the reaction is carried 
out in warm aqueous solution and the chlorine is in excess, the 
product is chiefly nitrogen trichloride (p. 423): 

NH3+3Cl2=NCl8+3HCl. 

Chlorine will also combine with several oxides to form oj^chlorides 
“^.g. with nitric oxide or sulphur dioxide. The oxidizi^ powers 
of chlorine are frequently used in the laboratory, as for the con- 
version of ferrous to ferric salts or thallous to thallic, and the 
solvent action of aqua regia on gold is partly due to the chlorine 
which it contains. Chlorine react with many organic sub- 
stances, particularly those rich in hydrogen, liberating hydrc^^ 
chloride; warm turpentine, for instance, catch fire if placed m 
the gas, burnii^ with a md fl^e and emitting clouds of carbon* 

Hriioffig^ HCL— -This substance is manufactured m 

a very large scale in the salt-cake processes already described 
451)* Nowadays, however, it is also often produced by the 
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oombusticm of chlorine in an atmosphere of hydi^en. Both these 
gases are by-products of the electrol5rsis of brine fot the manu^ 
facture of caustic soda (p. 437), and the choice of method is chiefly 
controlled by the cost of electric power in the neighbourhood. 
The net result of the electrolysis of brine is then: 

NaCl+H, 0 =:=NaOH+HCl, | j 

the exact reverse of the neutralization of an acid by a basfe\ The 
gas is always absorbed in water, inWhich 
it is extremely soluble, and is sold iii large 
glass carboys; the concentrated acid of 
commerce contains about i part of h;^dro- 
gen chloride in 2 parts of water by weight. 
The principal industrial use of hydro- 
chloric acid is for the preparation of 
chlorine; in the laboratory it is used for 
this and many other purposes. 

Crude commercial acid contains ferric 
chloride, from iron containers, which gives 
it a yellow colour, and may also contain 
sulphur dioxide, sulphuric acid, and arsenic 
chloride. Electrol3?tic acid is, however, 
very pure. It may be boiled with a little 
permanganate, to expel any bromine or 
iodine, and once distilled, only the middle 
portion being retained ; it is then suflftciently 
pure for all purposes. In the laboratoir 
pure hydrogen chloride can be prepared 
by dropping concentrated sulphuric acid 
on to pure concentrated hydrochloric acid; 
Fig. 143. The Fovhtain ^^e heat developed from the sulphuric acid 
Experiment water is sufficient to expel a steady 

stream of the gas, which should be dried 
with concentrated sulphuric add. lire direct combination of 
hydrogen and chlorine has already been discussed (p. 273). 

Hyirc^n "diloride is a colourless gas with a very pungent taste 
arid smell ; it is rather d^ser than air. It is excee^gly soluble in 
water^ as is sometimes demonstrated with the help of the well- 
Imown ^ fountain " experiment. The flask, fitted as in the diagram, 
is filled with the gas and inverted over water in which the straigW 
tube is immersed. When the tap is opened, the gas in the flasK 
dissolves and water rushes up the tube until nearly the whole of tne 
is full. Sucticm on the side-tube may be necessary to start tn« 
SbtyWg bat once water has entered the fiask nearly all the gas dissolves 
it, and the lesulting reduction of pressure causes the flask to 
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Conc.HCl Water 

'Nesgy' 


Fig. 144. The Fuming of 
Hydrochloric Acid 


At 25®, 100 gm. of a solution saturated with hydrogen chloride 
at atmospheric pressure contain about 41 gm. of hydrogen cUoride* 
The addition of either water to hydrogen chloride or vice versa 
lowers the vapour pressure, and the solution with the lowest 
vapour pressure — and therefore the highest boiling-point — contains 
20*24 per cent hydrogen chloride. When solutions of hydrogen 
chloride are distilled, this constant-boiling solution therefore remains 
in the retort, a fact made use of in the preparation of solutions of 
standard acidity (p. 170). This solution 
boils at no®. 

If concentrated hydrochloric acid is 
confined, as in the diagram, in an atmo- 
sphere saturated with water-vapour, the 
hydrogen chloride leaving the acid forms, 
with the water-vapour in the air, a dilute 
acid with a vapour pressure lower than 
that of either the concentrated acid or 
water. This acid therefore condenses in 
fumes, and this happens whenever the 
concentrated acid is exposed to moist air. 

Three hydrates of hydrogen chloride are known. They have the 
formulae HCLHjO, HCLaHjO* ^nd HCI.3H2O, and can be obtained 
as colourless crystals by cooling solutions of suitable concentration. 
Solutions of hydrogen chloride do not even approximately obey 
Henry's law. The partial pressure of the gas over its dilute 
solutions is exceedingly small, and at a concentration of five times 
molar is only a quarter of a millimetre of mercury (25®), so that 
dilute solutions of hydrogen chloride can be boiled without appre- 
ciable loss of acid. In very concentrated solutions the partial 
pressure increases very rapidly with the concentration. The 
existence of any partial pressure of hydrogen chloride molecules 
over its dilute aqueous solutions shows that the dissociation of the 
acid cannot be absolutely complete, since some undissociated mole- 
cules must be present in the liquid phase to maintain the distribu- 
tion-ratio^ but the minuteness of the pressure shows this proportion 
to be exceedingly small. Similar conclusions are reached as the 
result of ifistribution measurements on hydrogen chloride between 
water and solvents, such as benzene or nitrobenzene, in which it is 
freely soluble but from which it is almost wholly extracted 
water (p, in these solvents, as in air, hydrogen chloride is 
undissociated: in a well-known lecture experiment it is shown that 
a solution of dry by*cgen chloride in dry toluene will nathw 
decompose marble nor produce a precipitate with a toluene solution 
of silver nitrate. The presence of a hydroxyl group in the solves^ 
uppeM to be neoessaiy for the ionization of this compound; lit 
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sohiticms in the lower alcohols at least are fully ionized, as is shown 
by conductivity measurements. 

An examination of the properties of pure hydrogen chloride 
leaves no doubt that it is a covsdent compound. The pure liquid is 
very volatile (boiling-point —83®), and conducts electricity no 
better than pure water; it dissolves in indifferent solvents ^hch as 
benzene, and these solutions are not ionized. When dissc^l^ed in 
water hydrogen chloride shows a remarkable change in pr0^rties 
and becomes an acid. The anhydrous substance has nond of the 
properties of an acid and this term should be rigorously reserved 
for its solutions in water. There can be little doubt that the\ true 
reason of the change is the solvation of the ions, and probably the 
co-ordination of the hydrogen ion with water or hydroxyl-containing 
molecules: 

HCl+iw+wlHgO^H.nHaO+Cr.wHgO. 

This chemical effect is considered to be more important than the 
purely electrical effect, partly on account of the experiments on 
alcoholic solutions already described (p. 158), and partly because 
nitrobenzene does not ionize hydrogen chloride, although possessed 
of a higher dielectric constant than ethyl alcohol, which does. 

Hydrogen chloride can be oxidized to chlorine by oxygen at a 
moderate temperature and in the presence of a catalyst. At room 
temperature the action: 

4HCI -f" 02““^2Cl2 "f" 2 HjjO , 

has a positive aflBnity, but takes place extremely slowly, If, 
however, a mixture of moist hydrogen chloride and oxygen is 
exposed to light it is possible to detect a trace of chlorine in the 
mixture. Even when a catalyst is used it is, however, necess^ 
to use a much higher temperature to secure a reasonable reaction 
velocity* Hydrogen chloride reacts with many of the metals, 
either in the cpld or on heating, producing hydrogen and the 
chloride of the metal. If the metal has more than one chloride, 
the lowest is naturally produced: 

Fe+2HCMFeCl,-KH,. 

CUofidtas.— may be prepared in solution: 

(i) By the action of hydrodUoric add on a metal, or on the 
oxide, hydroxide, or carbonate, 

; (ii) By direct oosnbhiation: this usually produces the highest 
cldoride 0 the chkmne is in ^ 

0 b) By the action of hydrogen chloride on the element: this 
uaually produces a lower <Moride, if there is one. 

tho oxide JMT sulf^e with chlorine, sulpha 
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chloride, or carbon tetrachloride. It is sometimes necessary 
to miv the oxide with carbon, and it must nearly always be 
heated. This method can be used only for chlorides volatile 
at the temperature of the experiment. 

(v) Chlorides can also be made by acting on bromides or iodides, 
either in the dry state or in solution, with chlorine. 

Chlorides may be either covalent or electrovalent, the first class 
corresponding with the non-metals and the second with the metals, 
but there are many compounds of intermediate t5rpe and the 
classification is not rigid. The electrovalent chlorides are usually 
colourless solids soluble in water, but silver, lead, mercurous, 
cuprous, aurous. and thallous chlorides are insoluble or slightly 
soluble :’many of these are the chlorides of metals easily precipitated 
as metal from solutions of their salts. 

The covalent chlorides are nearly all decomposed by water, 
though carbon tetrachloride is an exception (p. 578). It has been 
pointed out by Sidgwick that hydroljrsis of chlorides can take 
place in two ways, according to whether the water acts as donor 
or acceptor. In the first the products are hydrochloric acid and 
a hydroxide; this is shown by the chloride of such an acceptor 
element as boron: 


80 ,+ HP 


a-B-* 

I 

CL 




►3HCl + B(0Hi 


With the chloride of a donor element such as nitrogen, however, 
hypochlorous add may be formed: 


Na,+Hp 


ci-n-*-h\o-h; 


3HaO + NH,Ete. 


Oxides of Chlorine.— The oxides of fhlome include the 
monoxide Ci* 0 , the <hoxide ClOg, and the heptoxide CUU,. 

Chlorine numoride. C^O.-This compound is 
gentle oxidation of chlorine with mercunc oxide. Th 
carried out at room temperature, and is 

prepared by precipitation and ignition. ves<%el bv 

removed from the^gas stream which leaves 
passage through a freezing-mixture at —20 . The other p 
is a yeUowya-hrown oxychlDride of mercury : 
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Chlorine monoxide is a heavy gas with a colour and smell some- 
what resembling those of chlorine. It can be condensed to a brown 
hquid boiling at 2*. It is very soluble in water, with which it forms 
hypodhlorous acid, and is, in fact, hypochlorous anhydride: 

C 1 , 0 +H, 0 = 2 HC 10 . I 

It is an unstable substance which may decompose spontaneously, 
and oxidizes many substances, such as paper or phosphor^, with 
inflammation and sometimes with explosion. Cmorine mmoxide 
difiers from chlorine in its much greater solubility in water tod in 
not reacting with mercury, over which it can be collected. , \ 
C9iloriiie dkndde, ClOj. — ^This dangerous compound is evplved 
when a cold mixture of potassium chlorate and concentrated 
sulphuric add is gently warmed to 30°-40°: 

3 Hab 3 ==HC 104 +H* 0 -i- 2 C 10 * t . 

The sulphuric add may with advantage be replaced by crystallized 
oxalic add and a little water; this method is ssder. The product 
contains some carbon dioxide, but this can be removed by condensing 
the chlorine dioxide in a freezing-mixture. 

Chlorine dioxide is a heavy orange gas, with a peculiar smell, 
which can be condensed to a liquid at ii°. It is freely soluble in 
water. The gas is highly explosive, particularly in the presence 
of oxidizable substances, so cork, rubber, or paper even in the 
smallest quantities must be avoided in its preparation. The gas or 
its solutions are stable in the dark, but if exposed to sunlight the gas 
may detonate for no apparent reason, and the solution decomposes 
with the formation of Corine, oxygen, chloric and perchloric adds. 
Chlorine dioxide is a powerful oxuhzing and bleaching agent, and, 
diluted with air to ' safe ’ proportions, is used in treating flour, in 
place of the harmful ' agene,’ NClj, formerly so employed. 

OhhurinehqitoaMfl, CltOf. — ^This substance is perchloric anhydride. 
It was first made (1900) by distillation of a mixture of anhydrous 
perddoric add^'and phosphorus pentoxide which had stood for a 
day in a freezmg-mixture: 

I aHC 104 -H, 0 =Cl^,. 

It is a odourless volatile liquid, boiling at Sz**, which slowly decom- 
poses. Its preparation is sometimes attended by violent detona- 
^GfUS. Vfbea mixed with water it forms perchknic add, but the 
reaction is quiet. t 

■ OXTAO^ 07 CHLQRIHB AND THBUt SALTS.— The Mtyadds ot 
(Morme me hypocMorous etdi, HQO; chlorous acid, HOOt! cUor*^ 
add, HCIO3; and odd, HCIO4. 

l^fpoddarans add, HGO, -exists only in aqoeois solutid). Such 
aolatioiiiifffe .pr^iaied by leading ddoiine monoxide kto w^ter, 
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or, more simply, by generating it from chlorine and mercuric oxide 
in a flask containing a little water. It can also be prepared by 
mixing a weak, non-volatfle acid, such as boric acid, with excess 
of bleaching powder and distilling off the hypochlorous acid, mixed 
with water, under reduced pressure; or by passing chlorine into a 
cold carbonate solution and distilling as before: 

Cl2+H20+C03''=HC10+HC03'+Cr. 

The two last methods of preparation depend on the very feeble 
acidity of the substance, which allows it to be distiUed from only 
faintly acid solutions at low temperatures. 

Solutions of hypochlorous acid are pale yellow and smell of 
chlorine monoxide, though the proportion of the gas present at 
equilibrium is very small. They decompose slowly in the dark 
and rapidly in the light, the principal products being hydrochloric 
acid and oxygen. With most oxidizing agents, mutual reduction 
takes place and oxygen is liberated: thus with hydrogen peroxide: 

H A+HClO-HCl+HaO+O* f • 

Hypochlorous acid is a powerful oxidizing agent which will liberate 
nitrogen from ammonium salts: 

2NH4'+3HC10=3HCl+2H-+3H.p+N2 f. 

When mixed with hydrochloric acid and warmed, it liberates twice 
as much chlorine as it itself contains: 

HC 10 +HCl=Cl 2 1 +H2O. 

Hypoddorites. — When chlorine is passed into cold caustic alkali, 
a mixture of chloride and hypochlorite is produced: 

Cla+20H'=C1'+C10'+H20. 

If caustic soda is used, most of the sodium chloride separates out, 
and in this way concentrated solutions of sodium hypochlorite m 
caustic soda can be obtained fz om which crystals of hydrated sodium 
hypochlorite, probably NaClO.yHaO, are precipitated at low 
temperathres. Hypochlorite solutions are fairly stable in the 
dark, particiflarly if alkaline, but if heated they decompose into 
chloride and chlorate (see further, p. 740) : 

3Cio'==ao3'+2cr. 

preparation and properties of bleaching powder have alre^y 
been described (p. 4^). Large quantities of hypochlorite solutions 
for bleachhig nnrposes are now made by electrolj^ing brine, and 
has iafeuted the Meaching-powder industiy* 

imfl the caifa»^.^hlorous add is the 
least stable of the oxyadds of ddorine, and can be prepared only 
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with difficulty even in dilute aqueous solution, though the chlorites 
are comparatively stable. Barium chhrite, Ba(C102)2, can be made 
by passing chlorine dioxide into suspensions of barium dioxide : 

2C10a+Ba0,==Ba(C10^j+02 f . 

By treating this substance With dilute sulphuric acid it is possible 
to obtain a solution of chlorous acid. It is a powerful oxidizing 
agent, like hypochlorous acid, but unlike that substance is i strong 
acid. Solutions of the chlorites are not hydrolysed, and ^ssibly 
owe their stability as compared with the hypochlorites to this 
circumstance, as both of. the acids are highly unstable\\ The 
chlorites can be obtained from solutions of chlorous acid or bkrium 
chlorite: they are usually colourless substances soluble in Water. 
On heating they readily decompose into chlorate and chloride: 

3 C 10 /= 2 C 10 s'+Cr. 

CSdoric acid, HClOs* and the Chlorates. — Chlorate solutions are 
prepared by the action of chlorine on hot alkaline solutions: 

SClj+eOH'^ClOa'+sCr+sHaO. 

In spite of the chloride produced at the same time, the whole 
oxidizing power of the chlorine is preserved in the chlorate. This 
process is worked on a large scale, according to two methods; in 
one chlorine is led into hot milk of lime, and in the other hot chloride 
solutions are electrolysed without a diaphragm. 

The product of the first process is neutralized, mixed with 
excess of potassium chloride, and artificiahy cooled to a low tem- 
perature, when a mixture of potassium chloride and chlorate is 
precipitated. Nearly pure potassium chlorate is obtained from it 
by recrystallization, since the solubility of this substance rises 
very steeply with the temperature. 

ITie preparation of chlorate by the electrolysis of brine requires 
careM regulation of the conditions. If a diaphragm is used, the 
products are chlorine at the anode, and hydrogen and caustic soda 
at tl^ cathode. If, however, the anode and cathode liquids are 
mixed, the dilorine is not given off, but is absorbed by the hydroxide 
wiA the formation of h 3 rpochlorite. At about 6o® and in conditions 
^pf carefully controlled slight acidity, when both the weak hypo- 
chlorous add and its anion co-exist, dblorate is rapidly formed by 
^ tile successive reactions: 

^ Hcio+ao'^ciOj'+ff-hcr, 

^ Hao+ao2'«=cio,^+H>cr. 

Loss of h 5 rpocfalorite by reduction at the cathode is prevented by 
ihe presmce of a small amount of dutanate, from which by reduction 
a protective film is foxtned on the dectrode. 
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Sodium or potassium chlorate is used in the manufacture of 
matches and explosives and as an oxidizing agent in the preparation 
of dyestufb and other organic compounds. 

Solutions of chloric acid are obtained by precipitating weU-cooled 
solutions of barium chlora.te with sulphuric acid and filtering. The 
acid cannot be prepared in the pure state, and decomposes, if the 
solutions are concentrated beyond a certain point, into chlorine, 
oxygen, perchloric acid, and other substances. Chlorates are 
usually obtained from potassium chlorate or by double decomposi- 
tion from barium chlorate or silver chlorate, all of these substances 
being soluble in water. Chloric acid solutions are yellowish in 
colour and smell something like nitric acid. They slowly decompose 
on keeping, though if all impurities are absent the solutions are 
stable. Chloric acid is a strong electrol5rte, and chlorate solutions 
show no signs of hydrolysis. 

When chlorates are strongly heated the final residue is usually 

a chloride, e.g. . ▲ 

® 2KC108==2KC1+302 t » 

a reaction used in the common laboratory preparation of oxygen, 
but certain chlorates, such as those of magnesium and aluminium, 
lose chlorine and oxygen on heating and yield an oxide: 

2Mg(C103)2==2Mg0+2Cl2 1 +50a t • 


An intermediate stage in decompositions of the first kind is the 
formation of perchlorates, which are stabler than chlorates. The 
chlorates and chloric acid are fairly powerful oxidizing agents which 
are decomposed when heated with concentrated hydrochloric acid 
furnishing some chlorine dioxide in addition to the chlorine shown 
in the equation: 

C 108 '+ 5 Cl'+ 6 ff= 3 Cla f +3H8O. 

Tlie oxidizing power of solid chlorates is still more apparent, and a 
mixture of potassium chlorate with sulphur, phosphorus, sugar or 
any other easily oxidizable substance is liable to explode. Dilute 
solutions of potassium chlorate are used as disinfectants, especially 
for gargling. The preparation and properties of this substance 
have already been described (p. 44^. 

Perchl^ add, HGIO4, and HbB Ferohlozates.— The first st^e in 
the decomposition of sodium or potassium chlorate by heat is the 
formation of a perchlorate, which then decomposes into a chloride 
and oxygen: 

4NaC10,^3NaC104+NaCl and NaC104=NaCl+20* f • 

Perchlorate solutions can be prepared by the oxidation of chlorate 
solutions, though very powerful oxidizing agents, such as persul- 
pbates, are requir^ for the purpose. The oxidation is therefcne 
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most readily carried out electrolytically , and this is accomplished 
on the manufacturing scale. The starting-point is a concentrated 
solution of sodium chlorate, which is electrolysed at a tanperature 
below xo^ with iron cathodes and platinum anodes (high oxygen 
ov^-voltage). The energy efficiency is 85 per cent, and the process 
is carried nearly to completion, when the solution is mixed with 
potassium chloride, whidi precipitates the nearly insoluble, potas- 
sium perchlorate (p. 44.9). It is used in explosives, as it ||s safer 
than potassium chlorate and contains more oxygen. I 

Aqueous solutions of perchloric acid can be prepared from paiium 
perchlorate and sulphuric ^add dr from sodium perchlorate and 
concentrated hydrochloric acid, in which sodium chloride i^ only 
slightly soluble. Almost the whole of the hydrochloric aci^ can 
be expelled by heating the filtrate nearly to boiling. The anhydrous j 
acid is prepared by distilling a mixture of potassium perchlorate 
and concentrated sulphuric add under reduced pressure. The 
product contains some hydrogen chloride and chlorine dioxide, 
which can be expelled by blowing air through it. It is a colourless 
volatile liquid which fumes in moist air and decomposes on heating, 
though it can be distilled imder reduced pressure at about 20®. 
The freezing-point is — 112®. The liquid cannot exist at its boiling- 
point, but the constant-boiling mixture with water, which contains 
72 per cent perchloric acid and can be distilled unchanged, boils 
at 203®. Anhydrous perchloric acid is a dangerous substance 
which bums the skin, violently oxidizes most organic substances, 
and is liable to spontaneous explosion. 

Aqueous solutions of the add, on the contrary, are not only 
perfectly safe but can be kept indefinitely without change in 
composition. The strongest solution supplied to the laboratory 
contains 60 per cent of the acid. Several solid hydrates of perchloric 
acid can be obtained by cooling solutions of suitable concentration. 
Perchloric add is the most stable of all the oxyacids of chlorine, 
and is a powerful oxidizing agent only when in concentrated solution 
or anhydrous, iriiereas hypochlorous and chloric acids are too 
unstable to exist in the absence of water. Metals liberate hydrogen 
from dfiute solutions of the add, and these solutions have no 
bleaching poim, nor will perchloric add oxidize hydrochloric a.cid. 
It will however oxidize iitanous solutions, ^tmd perc^omte solutions 
can be esrimated volumetrically with the help of this reagent. A 
rinc^pper couple will reduce chlorate solutions to chlorides while 
living perddorates unaffected: this is used in analysis. 

Perdnoric add is not only fulljr dissociated in aqueous solution, 
blit appc^ to preserve its ionization in non^aqueous solvents 
better pbm any add hitherto inv^st%ate(i and may be caUed the 
sfrongest of known acids, In etb^, hy&t^en perehtorate is about 
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.a hundred times as much dissociated as hydrogen chloride^ and 
perchlorates are often more definitely electrovalent than the chlorides 
of the same metal. Thus aluminiimi perchlorate can be obtained 
by evaporation of its aqueous solutions, a process which hydrolyses 
aluminium chloride, and a further example is afforded by the 
corresponding compounds of mercury (p. 513), The perchlorate ion 
is very slightly solvated in hydroxylic solvents, for its mobility in 
water is higher than that of the chloride or chlorate ions, while in 
methyl alcohol it moves faster than any ion yet examined with the 
single exception of the hydrogen ion. 

The petchlorates are usually colourless compounds soluble in 
water, but the perchlorates of potassium, caesium, and rubidium 
are nearly insoluble in cold water, though fully soluble in hot 
water. As sodium perchlorate is highly soluble at all temperatures, 
the recrystallization of potassium perchlorate provides an excellent 
method for preparing potassium compounds free from sodium. 
This salt is also widely used in the gravimetric estimation of 
potassium salts. At 10° a litre of a saturated solution of 
potassium perchlorate contains about ii gm., but this quantity 
can be much reduced by the addition of alcohol to the solution. 
Like all perchlorates, the potassium salt on strong heating 
decomposes into a chloride and oxygen. 


Bromine 

Br=79*9i6. Atomic Number, 35 

History* — Upon passing chlorine through ‘ bittern * (i.e. the 
mother-liquor left after the recrystallization of salt from sea-water), 
Balard (1826) noticed the formation of a brownish-yellow colora- 
tion. By eva^rating the bittern to dryness, and heating the residue 
with manganese ^oxide and concentrated sulphuric acid, he was 
able to collect a dark reddish-brown liquid with a powerful and 
pungent smeU. This liquid was recognized to be an analogue of 
fluorine, chlorine, and iodine, and was called brofnine (Greek 
bromos, a stench). 

By ani unlucky chance, Liebig had failed to pay much attention 
to a specinien of a dark red liquid sent to him from a salt factory 
in Germany in 1820. Believing it to be merely iodine dhloride, 
he miss€Ml his opportunity of discovering an important new eiem^t i 
for the liquid was bromine. 

Mtonliotiize* — ^Though very much less commqn 
than chlorine, bromine is a comparatively abundant element whidh 
occurs in combination with the alkali- md alk^ne-earth met^ 
in sea-water, iii rnineral deposits and in certain spring waters. 
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Most of the bromine of commerce is prepared from the liquors, 
remaining after the crystallization of potassium chloride from 
cainallite, though some is prepared in America from Ohio springs. 
An electi^3rtic method is now in use. The electrolysis is carried 
out in diaphragm cells and the bromine collects in the liquid of 
the anode compartment. The difference between the standard 
dectrode potentials of chlorine and bromine is 0*29 volt, \^hich 
allows nearly all the bromine to be liberated first from a chlBride- 
bromide solution. The bromine is recovered by boiling the solVtion 
and is collected in water-cooled condensers. \\ 

In the older process the bromine was expelled by passing chMne 
.from a cylinder through the bromide solution while it tricitled 
through a tower filled with glass balls or provided with plates and 
bubblers. Any chlorine or bromine remaining in the liquid after 
this treatment was expelled with steam and recovered. The 
bromine was condensed by passing the vapours through a water- 
cooled coil, and chlorine, together with any uncondensed bromine, 
was then absorbed by moist iron filings. 

In America, bromine is extracted from sea-water, which contains 
about 0*007 cent of the element in the form of the bromine ion, 
Br'. On passing chlorine into sea-water, the bromine is liberated: 

Cl2+2Br'==2Cl '+Br2. 

Sea-water is, however, slightly alkaline (pH=7*2), hence much of 
the bromine is hydrolysed to bromate (or hypobromite) and bromide : 

SBrj+aHaO^bH’+sBr'+BrOa'; 

and since chlorine will not displace bromine from a bromate or 
h3q)obromite, considerable loss of bromine results. 

By adding sufficient sulphuric acid to the sea-water (about i lb. 
of acid to 4 tons of water), the pH can be lowered to 3*5, and at this 
value the hydrol}rsis of the bromine is negligible. 

The acidified sea-water, after treatment with chlorine, trickles 
down towers up which a current of air passes. This blows out the 
bromine as vapouir, and carries it on to further towers in which it is 
ranoved by sodium carbonate solution: 

—3812+3^08* = 5 ®^ 4 “ Br 03 y- 3 CO.^ 

The solution of sodium bromide and bromate is treated with sul- 
pluadc add to liberate the bronaine, which vaporizes on heating 
and^is condensed and collected. 

13 ^ hroxnine prepared by these methods contains chlorine, from 
«ribich it is freed at the factory by the addition of ferrous bromide 
l^wed dyi^ If p^ectly pure bromine is required, 

Ite oommerdal product ^should be with water, dissolved in 
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a concentrated solution of potassium bromide, precipitated by 
dilution with water, separated, dried with quicklime followed by 
phosphorus pentoxide, and distilled in a current of carbon 
dioxide. 

In the laboratory bromine may be prepared by heating bromides 
with manganese dioxide and sulphuric acid. The preparation of 
exactly measured quantities of bromine for analytical work is most 
accurately accomplished by the addition of acids to standard 
bromate solutions in the presence of excess of bromide: 

Br08'+5Br'+6H*=3Br,+3HA 

Bromine is used in the synthesis of dyestuffs and other organic 
compounds and in the preparation of anti-knock petrol. In the 
laboratory it is used in analysis and as a mild oxidizing agent. 

Properties.— Bromine is a dense liquid (density 3*2), in colour 
dark red-brown, and with a very pungent suffocating odour: it is 
one of the few elements liquid at room temperature. It boils at 
59°, emitting a heavy red-brown vapour, and freezes at —7®. The 
vapour has the normal molecular weight, and even at 1000® the 
dissociation into bromine atoms amounts to only 4 per cent. 

Bromine is not very soluble in water: a litre of a solution saturated 
at room temperature contains about 37 gm. of the element. At 
low temperatures red crj^stals of bromine hydrate, Br2.ioH20 or 
perhaps SHjjO, may be obtained. The solutions have a slightly 
acid reaction from hydrolysis, but this is much less noticeable than 
with chlorine water. Bromine dissolves much more readily in 
such solvents as chloroform or carbon tetrachloride than in water, 
and can be extracted from its aqueous solutions by these solvents. 
The solutions are very dark in colour. It is also readily soluble 
in bromide, and to a less degree in chloride, solutions, forming 
complex ions ClBrj' and Brj'. Bromine is much less active than 
chlorine, but combines directly with several elements such as 
potassium or aluminium. Hydrogen and bromine can be mixed 
without reaction in the brightest sunlight (p. 273), but react when 
heated, 

bromide* HBr. — Since this compound, like hydrog^ 
iodide, is easily oxidized by hot concentrated sulphuric acid, it 
cannot conveniently be prepared by the action of this substance 
on a bromide. It is prepared by the hydrol3^is of phosphorus 
tribromide: 

PBrj+aHjO^sHBr f -J-HPOIOH)^. 

In practice* bromine is dropped on to a mixture of red phoi^horus 
^d water. The reaction takes place, with a i^ht luminescence, 
hi the cedd, and tho gns evolved is pass^ over moist red phosphorus 
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to free it from bromine, and collected over mercury. It can also 
be prepared by the action of bromine on cold benzene containing 
a little aluminium powder as halogen carrier : 

Br2-l-C0H0=HBr f 4-C0H5.Br. 

A more convenient method of preparing hydrogen bromide is to 
heat potassium bromide with syrupy phosphoric acid: 

KBr+H8P04=KH2P04-f HBr f . 

The gas obtained by these methods may be dried with anhy^ous 
calcium bromide. It is a heavy colourless gas, freezing at ,4- 82^^ 
and lx)iling at —67°, and is exceedingly soluble in water. The 
solution, which is called hydrobromic acid, resembles hydrochloric 
add, and is fully dissociated (the discussion of the ionization of 
hydrochloric acid applies also to this substance). Several hydrates 
can be isolated by cooling the solutions. The constant-boiling 
mixture with water boils at 125®, and contains about 47 per cent 
hydrogen bromide. Hydrogen bromide is very slowly oxidized 
by moist oxygen at room temperature. 

Bfomides. — ^These may be prepared by methods similar to the 
first three methods proposed for the chlorides (p. 736), or by the 
action of bromine on an iodide. They resemble the chlorides in 
their properties, but are usually, though not always, less volatile; 
very often the melting- and boiling-points lie between those of the 
corresponding chloride and iodide. 

Qiideflu — ^Bromine was for many years considered to be one of 
the very few elements which form no oxide. It has, however, 
recently been proved that unstable oxides are produced by the 
action of ozone on bromine vapour below 0® C. See also p. 374. 

OXYACIBS AND THEIR SMJis.—Hypobromous add, HBrO, and 
bromic add^ HBrOj, are known, and ^rhaps bromous acid, HBrOa, 
exists, but neither perbromic acid nor a perbromate has been 
iw^epared. 

Mid. HBrO . — Bromine readily dissolves in cold 
aSmline solutions, forming first a yellow solution of inixed bromide 
and hypobromiie : 

Br,4-20H' =Br'+BrO' 4 =H, 0 . 

Stdatkms d the add can be prepared by shaking l»x>mine water 
wiOh the oxides of silver or mercury, and purified by distillation; 
the tuomine distils first and may be rqected. Hypobromous add 
has never been isolated, and its solutions, which a;te pale ye^ow, 
{siise unstable; they caimot be concentrated without decomposition- 
pdlnth»is dt hyp6t»omites are powerful oxidizing agents used in 
dc dieinistzy to os&fize ammonium compounds, anunes, urea, 
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etc., to nitrogen (and are nearly always prepared for this puxpose 
from bromine and caustic soda): 

2 NH/+ 3 BrO'=N, f +3H20+3Br'+2H\ 

It is surprising to find that alkaline h3rpobroniite solutions are 
rather stronger oxidizing agents than hypochlorites. This is 
perhaps becau^ hypobromous acid, a weaker acid than h5^po- 
chlorous acid, is formed in larger quantities by hydrolj^sis even of 
alkaline solutions of its salts. 

Bromic acid, HBr08. — If large quantities of bromine are added 
to concentrated caustic potash solutions, even in the cold, there is 
a precipitate of potassium bromate, which is not very soluble in 
cold water, and can easily be purified by recrystaUization: 

3Br8+60H'==Br08'+5Br'+3H20. 

It can also be prepared by passing chlorine into an alkaline solution 
of potassium bromide, bromine being substituted for chlorine in 
the chlorate which wotdd be produced in the absence of the bromide: 

Br'+ClOa'-^BrOg'+Cr, 

It is best prepared from bromides by electrolysis. Solutions 
of bromic acid are prepared from solutions of barium bromate smd 
sulphuric acid: the barium bromate is precipitated by mimg 
boiling saturated solutions of potassium bromate and barium 
acetate. Like chloric acid, bromic acid has never been isolated 
in the pure state, and its solutions decompose on heating. They 
are stronger omdizing agents than solutions of either chloric or 
iodic acid, and will convert many organic substances into carbon 
dioxide and water, and rapidly oxidize sulphur to sulphuric acid. 
When the bromates are heated they lose oxygen at fairly low 
temperatures and are converted to bromides, though the bromates 
of elements such as aluminium, which have a great affinity for 
oxygen, may yield a little oxide on ignition. There is no sign of 
sin intermediate formation of perbromate. In solution bromates 
will oxidize any of the halogen adds, though the hydrochloric add 
must be>concentrated and none of the reactions is instantaneous, e,g, : 

2Br08'+ioI'+i2H’=Br2+5l2+6H20. 

The reaction between bromates and bromides: 

BrOa^+SBr'+eH-sBrg+sHA 

which take^ in add solution, is used in the preparation of 
standard bromine solutions, and it is important to rememb^ 
that in dilute adbiion it proceeds rather slowly. 
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Iodine 

I=I26‘9I, Atomic Number, 53 

Histoiy. — In 1812 a French saltpetre manufacturer, Codrtois, 
found that on adding concentrated sulphuric acid to the mother- 
Hquor of the sodium carbonate extracted from the ashes of seaweed, 
a black powder was precipitated, which On heating was converted 
into a violet vapour. Courtois sent some of his new substance to 
Gay-Lussac, who made a thorough investigation of it and shbwed 
that it was an element similar in many rejects 
to chlcMTine. He called it iodine, froni\the 
violet colour of its vapour (Greek and 

succeeded in preparing hydriodic acid, HI, 
from it. Sir Humphry Davy, who was passing 
through Paris at the time, also made investi- 
gations on the new element, a specimen of 
which was given to him by Ampere, and 
confirmed Gay-Lussac*s results. 

Oonirrence and Extraction.— Iodine is a rare 
element, but small quantities of iodides occur 
m sea-water and in various mineral deposits. 
Small quantities are found in sea plants, and 
iodine was formerly recovered from them by 
burning large piles of seaweed and extracting 
the potassium iodide from the ash. The pro- 
cess is still worked on a small scale in Japan, 
but practically all the iodine of commerce is 
extracted from Chile saltpetre or caliche 
(p. 450), which contains about 0-2 per cent of 
iodine as sodium iodate, NalOn. This remains 
Fig. 145. PuRiFicA- in the mother - liquors left over from the 
TioN OF Iodine crystallization of the sodium nitrate, and 
these liquors may contain as much as 20 per 
cent of the iodate. They are mixed with a solution of sodium 
hydrogto sulphite, whi<± precipitates iodine: 

2lO^'+2H -fSHSOa'^ia +5HS04'-f.H20. 

The iodine is w^hed, pressed, and purifiedhby sublimation. Com- 
mercial iodine may contain water, free or combined chlorine or 
bixmiine, and iodine cyanide. These impurities can be removed 
by grinding it finely with fresh lime (to remove water) and a Uttle 
potassium iodide (to retain other halc^ens), and resubliming it as 
ibown in the dia^Eam. The mixture is i>laced in the bottom of a 
and heated by a small flame, while the upper part of the 
vessel is filled with a Specially shaped condenser full of water 
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slightly above laboratory temperature. The iodine condenses in 
beautiful c^tals which can readily be detached from the tube by 
filling it with cold water: they are finely ground and kept in an 
ungreased desiccator over concentrated sulphuric acid. 

The world production of iodine, free and combined, is about two 
thousand tons per annum, of which some 99 per cent is used in 
medicine. In recent years it has been discovered that a small 
quantity of iodine in the body is essential to health, and that some 
diseases are due to iodine deficiency — ^goitre, for instance, can be 
certainly prevented by doses of iodides. The thyroid glan d produces 
an iodine compound (thyroxin) which it circulates through the body, 
and iodine preparations are given with excellent effect to backward 
children; while fowls dosed with iodine lay more eggs and cattle 
produce more milk. If given to mares, iodine is said to increase the 
proportion of twins in their offspring. A tincture of iodine is also 
used as an antiseptic. 

In the laboratory iodine is very widely used in analysis. The 
reversible change Ij+a electrons^2l' is easily carried out without 
disturbing side-reactions (the standard electrode potential is only 
-f 0*54 volt), and more than one reaction is available for the esti- 
mation of iodine solutions, of which the thiosulphate titration is 
the most important. Moreover, the smallest quantity of iodine 
can be detected with the help of the dark blue compound which 
the free element produces with starch, and this has helped in 
* iodimetry ' and ' iodometry,* as iodine titrations are called. 

Properties. — Iodine is a bluish-black crystalline solid of density 
4-9, melting at 114® and boiling at 183®. The vapour has an 
intense purple colour by which it can easily be identified. At low 
temperatures the vapour density corresponds with the formula 
I2, but at high temperatures dissociation begins, and reaches 50 
per cent at about 850®. Iodine has a very sharp taste and a faint 
smell recalling that of chlorine; it is only veiy slightly soluble in 
water, to which, however, it gives a very di^inct brown colour. 
A saturated solution at 25® contains only some 0-34 gm, per litre. 
Iodine is, however, much more soluble in solutions of <^lorides, 
bromides, or iodides (the solubility increases in that order), forming 
complex ions such as I3' or ClI*': the investigation of these solutions 
(first carried out by Jakowkin) has already been fully described 
(p. 200). The chemical properties of the tri-iodide ion are those 
of a mixture of iodide ions and iodine. 

Iodine dissolves in certain organic solvents, such as carbon 
disulphi^, carbon tetrachloride, benzene, or alcohol, much more 
freely than it does in wat^, and it can be almost completely extracted 
from its aqueous solutions by shaking with such of these solventl 
as are immisdble with water. The solutions are very deepfy 
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caloared; thus a solution in carbon tetrachloride saturated at room 
temperature, and^con&intag only about 20 gm. iochne per litre 
is opaque even in thin layers and appears quite black. This is 
made use of in iodine titrations. A little carbon tetrachloride is 
shaken with the titration mixture and loses its pink colour only 
when the last of the free iodine has been removed. This method is 
more sensitive than the use of starch. > 

Non-aquAus solutions of iodine can be divided into two aasses 
according to colour: brown solutions are afforded by the al^hols, 
ethers, esters, fatty acids, or ketones, violet ones by carbon i^^tra- 
^chloride, chloroform, carbon, disulphide, or hydrocarbons. It\ will 
be noticed that the first class of solvents contains those with oxygen 
in the molecule, and which can act as donors, while the second class 
contains only indifferent liquids; it is therefore supposed that in 
the brown solutions iodine is combined with the solvent, but in the 
violet solutions exists as free molecules. There is some experi- 
mental evidence for this view, on which the cryoscopic method, 
which depends only on the concentration of solute particles, can 
cast no light: 

(i) The violet colour of the solutions is the same as that of 
iodine vapour, and is almost independent of the nature of 
the solvent: this is not true of the brown colour. 

(ii) There is some tendency on the part of the brown solutions 
to become violet on heating. 

There is other evidence which points in the same direction. 

The tincture of iodine used for medicinal purposes is a solution of 
iodine and potasrium iodide in dilute alcohol. 

Iodine is the least active of the halogens, and is somewhat inert 
tovwds the non-metals, but it combines directly with most of the 
metals, often with incandescence. A warm mixture of aluminium 
powder and iodine is fairly stable, but if a drop of water is added 
to the nuxture ykorous combination takes place, with red flames 
and cbpious evolution of fumes from the unchanged iodine. 
Apart firom such examples of direct combination, the inorganic 
reactions of inline in solution can mostly be classified as: x. 
Reductions to iodide. 2. Oxidations to hypoiodite, usually followed 
by further changes. 3. Simultaneous oxmation and reduction. 

r. to iodide . — This can take place, according to the 

either by the acquisition of dedrons by the 
iberatibn ^ oxygen atoms from wator: 

electroiiSH^F or 

The first change is scarcdy a&cted by altd^tiomu in the acidity 
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of the solution, whereas the second goes l^st in weaMy alkaline 
solution, and may be reversed if the' solution* is strongly acid. 
Examples are the reactions of iodine solutions with thiosulphate 
and with arsenites: 

I,+2SA"=2r+S40e". Ia+H 20 +As 03 '"= 2 r+ 2 H*+As 04 "'. 

The action with thiosulphates takes place under any conditions of 
acidity, whereas the arsenite reaction needs careful conffol, and will 
not reach completion unless measures are taken to prevent an 
increase in the hydrogen ion concentration. On the other hand 
strongly alkaline solutions lead to the formation of hypoiodite* 
and must equally be avoided. The reaction can be carried out 
with success if sodium hydrogen carbonate is added to the solution 
as a buffer. Both reactions are extensively used in volumetric analysis. 

2. Oxidation to hypoiodite. — H5q)oiodous acid is the first product 
of the oxidation of iodine: 

L,+H20+0->2HI0, 

but it is an unstable substance (see below), and is seldom found in 
the final product. Thus when iodine is boiled with nitric acid 
of suitable concentration it is quantitatively converted to iodic acid: 

2I2+ 2H2O+ ioO==4HI03. 

3. Simultaneous Oxidation and Reduction . — ^This takes place when 
iodine dissolves in solutions of caustic alkali, the first products 
being an iodide and hypoiodous acid: 

Ij+OH'-^HIO+r. 

Even in alkaline solution the very weak electrolyte hypoiodous 
acid soon decomposes into iodate and iodide : 

3 HIO-> 3 H-+I 03 '+ 2 r, 

but this can be avoided, to some extent at least, by using a solution 
with a very low hydroxyl ion concentration, e.g. a suspension of 
mercuric oxide. This indeed is the best method of preparing a 
solution of hj^iodous acid; the mercuric iodide is removed by 
filtrati<m: 

alj+HgO+HjO^Hgljl +2HIO. 

In spite of its instability hypoiodous acid is the key to much of 
the solution chemistry of iodine, and its methods of decomposition 
must Ite further examined* 

It differs from the analogous compounds of chlorine and bromine 
in being amphoteric: it is simultaneously hypoiodous acid and 
iodine %drdxide, Consequently it can decompose in more than 
one way: 
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(i) In alkaline solutions it yields an iodate and an iodide: 

3HI0->3ff+I03'+2r. 

This reaction may also take place in weakly add solution, 
and then goes farther, for in acid solution iodates will oxidize 
iodides: 

I03'+5r+6H‘-3l2+3HA 
so that the entire change is then : 

5 HIO=HIO,+ 2 ls+ 2 HA 

(ii) If the unstable neutral solution is brought into contact\with 
easily oxidizable substances (such as the salts of manganese 
or cobalt), decomposition takes place as follows: 

HI0->H+I'+0. ■ 

and oxidized substances (such as sesquioxides of manganese 
or cobalt) are produced. 

(iii) In very strongly acid solution hypoiodous acid ionizes as a 
base: 

I0H+H20=(I.H20)‘ +OH', 

and produces solutions containing positive iodine. See 
p. 724 . 

Etsrdiogen iodide, HI, — The reaction between hydrogen and 
iodine, one of the simplest and most easily accessible examples of 
chemical equilibrium, has been exhaustively investigated by 
Bodenstein, and by others after him (p. in). The synthesis of 
hydrogen io^de can be carried out in the laboratory, but even 
with tide help of platinized asbestos the process is inconvenient. 
A better method is to treat iodine and water with small quantities 
of red phosphorus, made into a paste with water and drojyed 
on to them throt^h a tap-funnel. By using excess of iodine it is 
possible to avoid the formation of phosphonium iodide and to 
carry out the reaction according to the equation: 

P+5l+4H20=5HI t +H3PO4. 

The gas is washeii with a very small quantity of water, and is freed 
&om iodine va|X)ur by passing it over moist phosphorus. It may 
be dried with calcium iodide or phosphorurpentoxide, but not with 
calcium chloride, which produces a little hydrogen chloride. 

A solution of hydrogen iodide can conveniently be made by 
adding small quantities of iodine to water throuj^ which bubbles 
astream of hydrogen sulphide: 

HaS+Ij^aHL+SI. 

The sulphur is filtered, off and the hydrogen sulphide, which is 
much less soluble in waiter than is hydrc^pm iodide, is removed by 
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a current of carbon dioxide followed by boiling. The solution can 
be concentrated by boiling off the water until the constant-boiling 
mixture remains in the distillation vessel; it contains 57 per cent 
hydrogen iodide and boik at about 127®. 

Since iodides are oxidized by hot concentrated sulphuric acid, 
this acid cannot be used for the preparation of hydrogen iodide. 

Properties, — Hydrogen iodide is a colourless gas with a pungent 
smell, freezing at —51® and boiling at — 35® ; it is exceedingly soluble 
in water. The solution is called hydriodic acid, and is a strong 
acid: the remarks on the ionization of hydrochloric acid apply to 
this substance also. Hyckogen iodide differs from the other 
hydrogen halides in dissociating into its elements at much lower 
temperatures. At 300® the dissociation has already reached 18 per 
cent, so that the colour of iodine vapour is apparent even at lower 
temperatures than this. The dissociation of the other hydrogen 
halides at 300® is very slight indeed. The aqueous solution is 
easily oxidized to iodine and water, and this is brought about by 
the action of the air, so that hydriodiic acid, unless isolated from the 
atmosphere, fairly rapidly becomes yellow. Solutions of other 
iodides become yellow for a similar reason, for the carbon dioxide 
of the air, by dissolving in water, provides a sufi&cient concentration 
of hydrogen ions to make the change possible. 

Id^des. — These are usually prepared: 

(i) by direct combination: 

(ii) less often by the action of hydrogen iodide, free or in solution, 
on the metal, oxide, or carbonate; 

(iii) by acting on a hot oxide of a metal with iodine vapour, e.g. : 

zPbO+zIav^zPblj+Og; 

(iv) by reducing an iodate or periodate, often simply by heating it. 

Iodides are usually less volatile than the bromides or chlorides of 
the same element, and they are more often coloured ; the occurrence 
of insoluble iodides is also more frequent. Iodine is so ea^y 
liberated from solutions of iodides that the iodides of oxidizing 
cations (in which we may include the noble metals) either cannot 
be prepared or are insoluble in water; thus ferric, cupric, and ceric 
iodides are unknown, and cuprous, silver, auric, mercurous, and 
mercuric iodides are insoluble. 

The oxidation of iodide solutions to iodine can be earned out with 
a large variety of reagents, and the estimation of iodine by the 
thios^phate titratioi;i is at once so accurate and so convenient that 
ttis reaction is often used for the estimation of oxidizing substances* 
Chlorine, tnromiua, dichromates, permanganates, hydrogen peroxide, 
«d metalfic peroxides can all be estimated in this way, as well 
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as iodates (see bdow). Some of these reactions do not take place 
instantaneously; they may then be accelerated with a catalyst 
such as a molybdate or a tungstate, ammonium molybdate being 
commonly used for the purj^se in tiie case of hydrogen peroxide. 
Solid iodides are more easily decomposed by heating in air or 
oxygen than are the other halides. In such decompositions iodine 
escapes and an oxide is left. , i 

Oxides of Iodine. — ^The principal oxides of iodine are the ^xide, 
lOg, and the pentoxide, but another of formula I4O9 cmainly 
exists (see p. 724), and others have been reported. ^ \ 

Iodine diadde» lO^ or Lfi^, is prepared from iodic acid by ti^^ing 
it with excess of concentrated sulphuric acid: oxygen is giveh off 
and a brown solid remains which can be washed with water pd 
dried at 100®. The pure dioxide is a yellow solid which decomposes 
when heated much above this temperature, and which in con- 
tact with moist air, or when treated with water, forms iodine and 

iodic add: ioIO,+4H,0=I,+8HIO,. 


Iodine pentoiide, Iodic anhydride, 1 , 0 ,. is prepared by heating 
iodic acid to 240°. It is a white deliquescent solid readily soluble 
in water, with which it forms iodic add, and rapidly dis^iating 
into iodine and ox3^en if heated to 300® or over. It is insoluble 
in organic solvents. 

lo^e pentoxide has the oxidizing properties of iodic add, and 
reacts with easily oxidizable substances with inflammation. It is 
used in the estimation of carbon monoxide in air or other gas 
mixture. The carbon monoxide is oxidized to carbon dioxide, 
which can easily be absorbed in baryta and estimated: 


1,0,-1-500 — I,-|- 5 C 0 ,. 


Other Oxides. — Iodine, whether in the solid state, as vapour, or 
dissolved in organic liquids, is attacked by ozone with the formation 
of solid oxi^ to various formulae have been assigned. I^e 
pimdoct is very vpossibly iodine iodate, 1,0, or I^IO,),, mixed with 
o^her Oxides, bat this condusion is not certain. Whatever its 
nature, it loses iodine on heating, and on treatment with water 
iod^ and iodic add. ^ 

|>xyACi]>s OP — ^These are hypmodous add, HIO, iodic 

HIO„ and pimo^c add, HIO,. 

nod, HIO.— TThe preparation of tte substance by 
oin^itico of iodine in the presence of wata: has already bee“ 
bCossed, as also its decompodtion. The hypoiodites are less stable 
ven than tihe corre^nding c(»npoands of bromine. 

, ioifo acid, BK)W and ilie Iodates.— lodk add can be prepard 
'arithont ^ hating iodine with caocentratcd mine acid- 
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Xhe residue is dksolved m water and heated to diyness once or 
twice to remove ^ the nitric add. A simple but less convenient 
method of obtaining the compound is by the hydrolysis of iodine 
chloride, or by the equivalent operation of passing chlorine through 
a suspension of iodine in water: 

Ia+5Cla+6HaO=2HI03+ioHCL 

The hydrochloric add is removed with silver oxide. ' Iodine will 
displace chlorine from chloric acid: 

I2+2C103'=2I03'+Cl3t, 

and solutions of iodic acid can be prepared by this method. 

Iodic acid is a colourless crystalline solid, hygroscopic, and exceed- 
ingly soluble in water. The solutions are strong acids. The solid 
loses water at no® to form a compound, I3O5.HIO3, and at 240® is 
completely converted to the pentoxide. 

Potassium iodate, KIO3, can be prepared by warming a solution 
of potassium chlorate, initially containing a small amount of chlorine, 
with iodine, when the successive reactions are: 

(i) l3+Cla=2lCl, (2) KC103+ICl=KI03+Cl3. 

It is a colourless solid, not very soluble in cold water, but very soluble 
in hot water, and can so readily be obtained in a state of high purity 
by recrystallization that it is much used as a standard oxidizing 
substance in volumetric analysis. It melts at 560® and at a slightly 
higher temperature decomposes into iodide and oxygen: this is the 
best method of preparing pure potassium iodide. 

Sodium iodate, NalOg, occurs naturally in small quantities in 
Chile saltpetre (p» 450), which is the source of most of the iodine of 
commerce. 

Barium iodate, Ba(I03)3.H20, is prepared by precipitation from 
barium solutions and iodate solutions, as it is nearly msokble in 
water. On heating, it first loses its water of crystallization, and 
then forms barium periodate (or paraperiodate) with the loss of 
iodine and oxygen: 

5 Ba(IO,) 3 =Ba 3 (IOe) 2 + 4 la t + 90 * t • 

Like Hie chlorates, the iodates are all powerful oxidking agents. 
With add iodide solutions they immediately liberate iodme: 

I03'+5r+6H-=-3la+3H20, 

a reaction which can be used for the volumetric analysis of either 
iodates, iodides, or adds by keeping the other two reactMts^ in 
excess. This is one of the most accurate methods for the estimation 
of strong adds p very dilute solution (N/looo or less). In venr 
concentrated i^drocMoric add the addition of njore iodate leaios 
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to the formation of iodine monochloride, but if no iodine is present 
chlorine is given off and iodine trichloride produced; 

10,'+ 6 HCl«ICl 3 +a'+Cl, t +3H,0. 

Reducing substances such as phosphorus or sulphur dioxide are 
immediately oxidized by iodic add. 

The formation of acid salts, of which several are known, is a 
property of iodic acid which is not shared by chloric or jpromic 
adds, and in concentrated solution the acid itself, or its Union, 
shows some evidence of association. Thus potassium di^date, 
KIOa.HIO,, and potassium^ tri-iodate, KIOj.zHIO,, can b6th be 
isolated from solutions of potassium iodate and iodic acid. \ 

Periodic add, HI 04 * and the Periodates.— These compound^ are 
usually obtained by oxidation of iodates. Thus a good 5deld of the 
compound Na2H3lO(i {disodium trihydrogen paraperiodate) can be 
obtained by passing chlorine into a boiling solution of caustic soda 
containing excess of iodine. The sodium ^t is not very soluble and 
can be removed by filtration. It can be converted to the still less 
soluble siher periodate^ AgglO „ with the help of silver nitrate solution, 
and from this compound a solution of periodic add can be obtained 
by treatment with dilorine, which predpitatesallthesilver as chlorWe. 

Alternatively barium paraperiodate, Ba5(I0,)„ may be obtained 
as described above by heating the easily-made barium iodate, and 
a solution of periodic acid can be made from it by treatment with 
dilute sulphuric add. From such a solution the pure add may be 
obtained by evaporation followed by desiccation over concentrated 
sulphuric add: it appears in colourless oystals which have the 
composition H,IO, (or HIO4.2H2O) and are known as par aperiodic 
add. If subjected to prolonged heating at 100® in a vacuum they 
lose water and are completely converted to the meta-ojcid, HIO 4 . 

The baddty of periodic acid in its various forms is not yet 
completely understood. If titrated against strong bases it is 
monobasic with methyl orange and dibasic wdth thymolphthalein. 
Ihe conductivity results also point to the condusion that para- 
periochc add is fairly strong in its first dissodation, weak in its 
second dissodation, and very weak in the others. The solid 
periodates are>a complicated series of salts which can be regarded 
as derivatives, of^ hydrated, of the twolknown forms of the acid, 
HIO4 and HsiOey but others prefer to derive some at least from a 
hypothetical add, (or aHI04.H,0). Thus disodium tn- 

h^ 4 n)geii pamperiodate may be Na,H,IO, or Na4l,04.3ll,Y* 
Whatever view be taken of mese matters^ thexe is no dimculty m 
fmsmniaring pmdSc add and its s^ts as compounds of a hypc^ 
thetacal aad anhydride, iodine heptoxfafe, with varying 

piu|ioitkms of water 
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Th 6 periodates are stable compounds, though powerful oxidiziiig 
agents. Barium paraperiodate, obtained by heating barium iodate, 
can be kept for considerable periods at a red heat without much 
decomposition. ^ Periodates liberate the whole of their iodine when 
treated with acid iodide solutions, and this can be used in their 
estimation: 

10 / +71^ + 8 H* == 4 l 2 + 4 H 20 . 

Potassiufit fnetaperiodate, KIO4, is obtained from chlorine and 
hot alkaline potassium iodate ; like potassium perchlorate, it is only 
slightly soluble in cold water. On heating, it forms first potassium 
iodate (contrast potassium perchlorate), then potassium iodide. 

Disodium trihydrogen paraperiodate, NagHglOg, is prepared as 
described above. From solutions of this salt in aqueous periodic 
acid the compounds NaI04 and NaH4l06 can be obtained by 
crystallization, while from strongly alkaline solutions NagHalO^ is 
deposited. Normal sodium paraperiodate, Na^IOg, has also been 
described, and the existence of similar s^ts of silver and barium 
is beyond question. 

Iodine monochloride» ICl, is obtained without difficulty by union 
of the elements. Chlorine is passed over iodine until the product is 
liquid, and the monochloride is purified by distillation. It is a 
frequent product of reactions in which chlorine is liberated in the 
presence of iodine, or vice versa, provided that water is absent, 
and can, for example, be prepared by distilling a mixture of iodine 
and potassium chlorate: 

zKClOa+Ia^zKIOa+Cla, followed by Cl2+l2=2lCL 
It is hydrolysed by water with the production of iodine and iodic 
acid: 

5 lCl+ 3 H 20 ^ 2 l 2 +HI 03 + 5 HCl, 

but the reaction is reversible, and in the presence of very concen- 
trated hydrochloric acid an iodate will oxidize iodine quantitatively 
to form a pale yellow and very stable solution containing the anion 

ici+cr=icv. 

Potassium iodate, acting in the presence of much hydrochloric 
add, has become widely used as a quantitative oxidant in volumetric 
analysis (for example, in Andrews' method). Its action is based on 
the equation; 

I0/+6H* +2Cr +4e=ICV + 3 H 2 O, 
from whith it is seen that under the conditions specified the oxidation 
equivalent of iodate is one fourth of the formula weight. 

Iodine tn<mochl(^de is a red solid which exists in two forms, 
melting at zf and 14® to a brown liquid. This liquid boils at abo^ 
100® to jbrm a red vapour which not markedly dissodate^ 



758 THEORETICAL AND INORGANIC CHEMISTRY 

Iodine monodiloride dissolves in organic solvents to form deeply 
coloured solutions* from which* however, it can be extracted by 
water, which decomposes it, or hy hydrochloric acid, which changes 
it to IQg'. Its chemical activity exceeds that either of iodine or 
of chlorine, and it finds some use in the laboratory as a chlorinating 
agent, e,g. in destro5dng any carbon disulphide which may be present 
in commercial carbon tetrachloride, and as a catalyst or ' chlorine 
carrier/ It combines with alkali-metal halides, particularly those 
of rubidium or caesium, to form compounds such as CsIQlL con- 
taining polyhalide ions. » \ 

lod^ monobromide* IBr, is obtained by combination d|f the 
elements. It is a solid not unlike iodine in appearance but smiling 
of bromine; it melts at 42® and boils at 116®. It resembles iodine 
monochloride in its chemical properties, but is less stable. 

Ibdine cyaaidet ICN, is produced by the action of potassium iodate 
on iodine in the presence of cyanides, or by adding iodine in theo- 
retical amount to a well-cooled aqueous solution of sodium cyanide, 
followed by extraction of the iodine cyanide with ether, and its 
recrystallization from chloroform. It is very poisonous, and dis- 
solves only slowly in water. The action: 

ICN+r^Ia+CN', 

is reversible. Acids reduce the concentration of cyanide ion by 
forming the very weak hydrocyanic acid, and so in acid solution 
iodine cyanide will oxidize iodides to iodine. In neutral solution the 
reverse change takes place. 

Although it is very improbable that iodine cyanide and the halides 
d^cribed above actually contain the cation I*, some of their reactions 
can be most easily explained by assuming a mechanism involving 
fission into the appropriate anion and such a cation, perhaps tem- 
porarily stabilized as suggested on p. 724. 

Ibdiiia triidiloridfi, IC 1 « . — ^The best-known of the compounds of 
tervalent iodine is iodine tricUoride, ICl,, produced from iodine 
and excess of duorine. If the reaction mixture is warmed, the 
trirhlnirit^e coUects in yellow crystals in the cooler parts of the 
ajmaratas. It is a solid which melts at 25°, and readily decompose 
on wanning into the monochloride and Corine. It is hydrolysed 
by water, bnfthe reaction is not reversible. If the water is m 
large excess the principal reaction is: 

5ia,+9H,0=i5Ha-f-3HI0,-fI,. 

Itot cither peodnets may be formed. Theh3«Jrol5rsis4^bei»wen^ 
by a SQ&littt oemoentration of bydniaaimiD add. lodi^ tn- 
(foloride topma a series of Wts, such 4s CslQI^ .with the balmes 0 
«adli>«U!tal8; these salts are stable, biSliantly colo^ 
iliMnto sriikh can be tecryatallized from water. Rubmum tara- 
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chloYO^odiiCt RbICl4, is obtained in bright yellow crystals by 
passing excess of chlorine into a concentrated solution of * rubidium 

iodide: 

RbI+2Cl2==RbICl4|, 

and cooling the solution. The corresponding acid, HICl44HaO, 
is precipitated as orange-yeUow crystals when chlorine is passed 
through a suspension of iodine in concentrated hydrochloric acid 
at 0°. It was doubted whether such compounds as RbICl4 contain 
the iodine in the anion, as they lose iodine on extraction with 
organic solvents; but KICI4 has been X-rayed and shows a square- 
shaped anion: 

Cl Cl 


Cl Cl 

Iodine acetate, I(CH3.COO)8, can be prepared by oxidizing iodine 
dissolved in glacial acetic acid with chlorine monoxide: 

l3+6CH3.COOH+3Cl20=2l(CH3.COO)84-3H30+3Cl3. 

Iodine nitrate, probably I(N08)3, can be prepared from iodine 
and very concentrated nitric acid; it is a yellow powder decomposed 
by water. 

Iodine sulpbatee of uncertain constitution have been prepared 
by the action of concentrated sulphuric acid on iodic acid. 

Subgroup A 

Manganese, Technetium, Rhenium 

Mn=54«94; atomic number, 25 Tc==(99) ; atomic number 43 

Re=i86*22;.a^omc number, 75 

Manganese is the only important element of this subgroup. The 
discovery of ' masurium ' was announced in 1925, but has not been 
confirmed. An element, named technetium, undoubtedly an isotope 
of atomic number 43, with mass number 99, has been identified in 
the prodticts of tombarding molybdenum with deuterons. It 
closely resembles rhenium. Rhenium also was not discovered till 
^925» but our knowledge of this rare element is now fairly complete. 

The atomic nuinb^, atomic weights, densities, and atomic 
volumes are as follows : 

Mn To Ro 
Aimnla 25 43 75 

Atoik^ Wei^t 54*94 ? 186*22 

Diem^ 7 *o6 ? 21*4 

Atoniic Voltune 7*8 ? 8*8 

SB 
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Manganese 

Mn=54*94. Atomic Number, 25 

HMory* — Although pyroiuate (MnOg) has been used for perhaps 
two thousand years in glass manufacture (to obscure the green 
colour caused by the presence of iron), metallic mang£u;iese was 
first prepared in 1774, when Gahn obtained it by reduAg pyro. 
lusite with carbon. In early times, p5n-olusite was conf^d with 
magnetite and other black minerals, and it is rare tr find Ay even 
moderately accurate account of its properties before the eij^teenth 
century. \ 

Oocurrence and Extraction. — Manganese is neither very abundant 
nor very scarce, one or two million tons of the ores being prAuced 
annually. They are widely diffused, and usually consist of the 
oxides, contaminated with iron and other metals, though the 
sulphide, manganese blende, MnS, is well known. The principal 
ore ispyrolusite, MnOg, found in Germany and other parts of Europe, 
in America, and in Africa. Another common ore is bramite, 
MujOs. Traces of manganese compounds are found in many 
plants and animals. 

Most of the manganese of commerce is in the form of an alloy 
with iron called ferro-manganese, which can be made in a blast 
furnace by the reduction of mixed oxides of manganese and iron, 
with a large quantity of lime as flux. In the laboratory the metal 
can be obtained by the reduction of its compounds with powerful 
reducing agents. Carbon has often been used, but it requires a 
very high temperature, and the metal produced contains carbide. 
The reduction of manganese oxides with hydrogen likewise requires 
a very high temperature, and on a small scale the action of mag- 
nesium on a fus^ mixture of manganese and potassium chlorides 
is to be preferred. The metal can also be obtained electrolytically. 
But by tar the most convenient method: lor the preparation of pure 
manganese on a large scale or in itbelAora^tory is tA Goldschmiui 
process (p. 533), in the course ol which the metal fuses and collects 
in a compact form at the bottfPi|::of the containing vessel. 

Ferro^msmganese is usedlfh a deoxidizer in the Bessemer process 
for making steel (p. Sted containing a small proportion ol 

manganese is except^ka^ly hard, and is used in steam navvies 
crusbmg macjbinery»^^es, and for similar purposes. 

Purifl^ manganese is a silver-white metal with s 
density of 7*06, lifting ^ 1245®* It is hard, but not $0 hard as 
cast iron. Pur^ihanganese is stable in the air; but if it contaiiu 
;4^bide m impurities it is -easily corroded. Tbe standarc 
Actxode poiil^aL ^ongh not very accurately known, is hi tn( 
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neight)ourhood of — i*o8 volts, so in the electrochemical series 
manganese comes between zinc and aluminium. It reacts very 
slowly or not at all with cold water, forming manganous hydroxide, 
Mn(OH)a, and is easily dissolved by dpMte adds, with which it 
forms manganous salts. It does not display passivity in concen- 
trated nitric add. The metd combines with the halogens, sulphur, 
and phosphorus, and with nitrogen on strong heating. Like many 
other metals, it can be prepared in a pyrophoric form by heating 
the amalgam under reduced pressure or by other processes. 

Oxides and Hydroxides. — ^The oxides of manganese are given 
in the table. Manganese can have all valencies from two to seven 
except five, and the complexity of its valency relations makes the 
study of this element a difficult one. 

Manganous oxide, MnO, a strongly basic oxide corresponding with 
the manganous salts. 

Manganic oxide, MugOa, weakly basic and corresponding with the 
manganic salts. 

Trimanganese tetr oxide, Mn304, with no corresponding series of 
salts. 

Manganese dioxide, MnOg, weakly acidic and corresponding with 
the manganites. 

Manganese heptoxide, Mn207. strongly acidic and corresponding 
with the permanganates. 

No manganese trioxide corresponding with the manganates exists 
(see p. 763). 


The Oxides of Manganese 

Hanganous hydroxide, Mn(OH)s, is a colourless solid precipitated 
from manganous solutions by caustic alkalis. As it is not among 
the least soluble of metallic hydroxides, a large concentration of 
ammonium ions will prevent its precipitation by ammonia. When 
exposed to the air it becomes brown and is oxidized to hydrated 
manganese dioxide. 

Uanganons oxi de , MnO, is a grey or greenish substance prepared 
oy heating the hydroxide in the absence of air (e.g. in hydrogen) 
by reducing with hydrogen any other oxide of mangane^. ^ It 
can be reduced to the metal only with the greatest difficulty, which 
for its use as a deoxidizer in the manufacture of iron* 
Wiffi hydrogra a temperature of over 1200*^ is required. If finely 
^vided and warm the oxide may be pyrophoric, and if heated in 
it wiB reduce it with tiie formation of hydrog^ and 
tnmangan^se tetroxide* 
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Mangmrie oadda* Mn^3, occurs in nature in the hydrated form 
as numgmiU, and anhydrous as braumte. The hydrated form 
can conveniently be obtained by passing a brisk current of air 
for some houi^ through an ammoniacal solution containing a 
manganous salt imd ammonium chloride. Manganic oxide is a black 
solid which can be heated in the air without change to nearly looo" 
but above that temperature gives up oxygen to form trim^ganese 
tetroxide (compare iron). It is easily reduced to the monBxide by 
heating in hyckogen. With concentrated acids it yields solutions 
of manganic salts. The stability of these solutions dei^ds on 
the nature of the anion, but they usually decompose on hfeating, 
liberating oxygen or an oxidation-product of the anion— e.g! 
chlorine from hydrochloric acid. Boiling with dilute acids, if\ these 
are not easily oxidized, produces a manganous solution and a 
precipitate of hydrated manganese dioxide: 

Mn208+2H‘=Mn“-)“Mn02| +H 2 O. 

Trimaxigaiiese te(xoxide» MnsO^, is the stable oxide of manganese 
at high temperatures, and can he prepared by heating any other 
oxide to 1000® or over. The colour depends on the method of 
preparation and the state of subdivision. In the hydrated form it 
can also be precipitated by caustic alkalis from mixed manganous 
and manganic solutions. With adds, like the sesquioxide, it yields 
a mixture of a manganous salt and manganese dioxide, which may 
or may not oxidize the acid. Trimanganese tetroxide is composed 
of the simple ions Mn”, Mn’**, and O*", and is the analogue of Fe 804 
and C08O4. 

Manganese dioiide» Mn 02 , occurs in nature as pyrolusite, the 
prindpsd ore of manganese. In the hydrat^ form it can be 
product from solutions of manganese cpmpounds by many 
different reactions. Manganous salts can | 9 e oxidized in alkaline, 
neutral, or ev^ dilute add solution, vdthlSt hypochlorite, sodium 
peroxide, or at the anode in electrolysis. Permanganates can be 
redu^d in alkaline solution with hy^o^en peroxide, or by man- 
ganous salts, dt by boiling with ,a,mmoma. The anhydrous oxide 
Can be made by heating the hydrates at a carefully reflated 
temperature,- or by hating manganous- nitrate in the air and 
extracting any lower oxides with concentrated nitric acid. 

Hanginese dioxide is a brown or black substance nearly insoluble 
in water, but a sm^>ensimi of Ihe hydrated form will rwden blue 
litinus. Wh^ strongly heated it yidds at about 600® the sesqm- 
Cixiite and oxygen; further heating in air converts the sesquioxide 
to tiimanganese tetroxide. Manganese dioxide can be reduced 
wifhoat (Acuity to jflie monoxide by heating in 
nitric oxide, while gaseous ammonia will reduce it to i&e seSquioxide. 
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The dioxide is insoluble in some acids, such as hydrofluoric acid, 
while wift other acids it Jorms a, solution which contains either ter- 
or quadrivalent manganese. Such a solution decomposes on heating 
to form a manganous solution and either oxygen or an oxidation- 
product of the acid anion, so that in boiling concentrated solution 
sulphuric acid gives oxygen and hydrochloric acid chlorine. This 
is one of the commonest methods of preparing chlorine. The 
dioxide will not dissolve in aqueous alkalis, though it takes up 
alkali from the solution to form an insoluble manganite. Fusion 
with caustic ^ali likewise converts some of it to a manganite. 
Powerfifl oxidizing agents, such as hypodhlorites, act on alkaline 
suspensions of manganese dioxide to form a permanganate : 

zMnOa +2OH' +30=2Mn04' 

The dioxide is a catalyst for many reactions in which oxygen is 
evolved. It is widely used in the laboratory to assist the decom- 
position of potassium chlorate, and it rapidly converts hydrogen 
peroxide solutions into oxygen and water. It is noteworthy that 
the dioxides MOg of titanium, germanium, tin, lead, and manganese 
all possess a common type of ionic crystal structure, wherein six 
oxygen ions, O'", surround a metal ion, and three metal ions 
an oxygen ion. 

Manganese dioxide is used in the manufacture of potassium 
permanganate, and was formerly employed in the Weldon chlorine 
process and in the manufacture of bromine. 

Mangaime trioxide. — In view of the close relationship of man- 
ganates to sulphates and chromates it was to be expected that 
manganese would yield a trioxide. Such an oxide was formerly 
thought to be produced, as a reddish vapour, when a solution of 
potassium permanganate in cold concentrated sulphuric acid was 
dropped slowly upon sodium hydrogen carbonate. A recent re- 
examination has shown that nothing can be isolated from the red 
vapour but permanganic acid, of wUch, in droplets, the ‘ vapour ' 
consists. Further, in the careful thermal decomposition of the 
heptoxide, M1I2O7, no intermediate oxide can be det^ted before the 
final residue of dioxide. If the trioxide can exist it has certainly 
iiot yet been obtait^ 

Manganaao li^^tedda> Pwmangaiuc anhydride, Mn207.— This very 
unstable substance separates in dense drops of a dark colour when 
finely-powdered potassium permanganate is added to well-cooled 

anhydrous suljihiirie acW.: 

aHMn04-Ha0=:=Mn207. 

It is rapidly dedomposed by moisture, but dilute solutions can^^ 
prepared. 1 Tihey hav e the famlHar puxple colour and contaip 
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perma n ga nic acid, HMn 04 . The action of dilute sulphuric acid 
on a solution of barium pennanganate is a more convenient method 
of preparing the acid solution. Manganese heptoxide is a very 
powerful oxidiring agent. ^ 

Manganous Compounds. — In the manganous compounds the 
dement is luvalent; this is the stablest cation of manganese. Man- 
ganous compounds resemble the ferrous compounds and ajre pro- 
duced by the action of acids on the metal, by the action of I all the 
halogens, except fluorine, on the metal, by the reductidnl often 
very easily effected, of more highly oxidized manganese con^unds 
and in various other ways. • The manganous ion is pale pink. \ Since 
the hydroxide is a strong base, there is no perceptible hyd^lysis 
of the salts at room temperature. , 

The oxidation of manganous compounds can lead to the forma- 
tion of manganic compounds, manganese dioxide, or permanganates. 
Manganic salts can exist only in solutions very concentrated in 
some acid resistant to oxidation, or containing the metal in a 
complex anion. If these conditions are not satisfied, Tnanganpgp 
dioxide is precipitated, unless the oxidizing agent is able to oxidize 
it still further to a permanganate. The oxidation to manganese 
dioxide (or sesquioxide) is much more easily effected in alkaline 
than in add solution, as would be expected from the equation: 

Mn"+ 0 + 20 H'=Mn 0 g 4 , +H 4 O, 
and manganous hydroxide is oxidized to manganese dioxide merely 
by exposure to the air. If a permanganate is to be produced, it is 
essential that the manganous solution should be dilute, for otherwise 
the permanganate reacts with unchanged manganous ions to form 
the dioxide: 

2Mn04'+3Mn"r4-40H'=5Mn0g4. -j-^HjO. 

These influences may be illustrated by the behaviour of ozone, 
which in a>ncentrated sulphuric add produces manganic sulphate, 
in concentrated hydrochloric acid chlorine, in dilute add very 
<hlute in manganous salt a permanganate, and in neutral solutions 
of moderate concentration mangane^ dioxide. Qilorine or bromme 
produce mangaiffise dioxide or a permanganate, hydrogen proxide 
ot sodium peroxide poduce manganese ^xide, while a mixture of 
lead dioxide and nitric add produces a permanganate, provided the 
manganous solution is dilate. 

IdANGANOus HAXJPEs.*^These salts are prepared by^ the usual 
methods. If they are required anhydrous, evai>otation of the 
aqueous sdution is best conducted in a current of the hydrogen 
huide. like dher manganese ccmqiourids, they can be reducea 
Is ^ metid with hydrogen mily a]t very hi^ tem|>eratures. 

. . llMig iBiBai ioodiite. lloFi. is a xomHaohMired sak with a dg" 
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melting-point, nearly insoluble in water. Boiling with water 
produces an oxyfluoride. 

Hanganous eblofide, MnCl^, is a very deliquescent rose-coloured 
salt which melts at 650° and can be boiled at a very high tempera- 
ture. The vapour density corresponds with the simple formula. 
It is very soluble in water and forms numerous hydrates; it also 
dissolves in alcohol, but not in ether. It was used in the Weldon 
chlorine process (p. 731), and is a good catalyst for the chlorination 
of carbon disulphide. 

Hanganous teomidOt MnBr2, and iodide, Mnlg, resemble the 
chloride, but are more readily converted to trimanganese tetroxide 
on heating in the air. 

Manganous carbonate, MnCOj, is prepared by adding a bicar- 
bonate solution to a manganous solution which is kept saturated 
with carbon dioxide. This precaution is necessary because man- 
ganous hydroxide is a good deal less soluble than the carbonate, 
and a normal carbonate solution precipitates a mixture of hydroxide 
and carbonate. The presence of hydroxide in the white precipitate 
obtained is easily revealed by the brown colour produced by 
exposure to the air. The carbonate is decomposed by boihng 
water into the hydroxide and carbon dioxide, and is easily 
decomposed by heating alone. 

Manganous niteate, Mn(N08)2, is obtained in solution by the 
usual methods, but if the neutral solutions are evaporated the 
oxidizing action of the hot concentrated nitrate solution produces 
manganese dioxide. Various hydrates of the nitrate, or the 
anhydrous salt, can be prepared by cautious concentration of nitric 
acid solutions. At room temperature the colourless hexahydrate, 
Mn(N08)2.6Hj0, is the stable modification. It is very soluble in 
water. The anhydrous salt begins to decompose at 160®. 

Manganous phosidiate, Mn8(P0|)27H20, is precipitated as a 
colourless solid nearly insoluble in water by the addition of soluble 
phosphates, such as disodium hydrogen phosphate, to manganous 
solutions. 

Mhnganoug sulj^iida, MnS, is prepared by precipitation in neutral 
or alkaline solutions, or by heating manganous oxide in hydrogen 
sulphide. It occurs in a pink crystalline form, and when amorphous 
may be orange or green. It is more soluble than ferrous sulphide, 
^d cannot precipitated from acid solution. Heated in the air. 
It ^elds sulphur dioxide and trimanganese tetroxide. 

Maugaiious iillpii|Kte» MnSO^, is one of the commonest compounds 
of manganese, and is prepared from natural manganic oxide and 
^phuric add or by the other usual methods. The pentahydrate, 

with copper sulphate pentahydrate, is 
cloposit^ on ccK>Ih^ the solutions to room temperature, aM loses 
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all its water at 280®. Manganous sulphate is very nearly colourless 
and dissolves readily in water, but not in alcohol. It melts at 
700®, and at higher temperatures, in the air, yields trimanganese 
tetroxide, 

IbuElgailoeyaxiideB. — ^These compounds contain the ion Mn(CN)g''" 
and resemble the ferrocyanides in composition, but they are much 
less stable. Potassium manganocyanide, K4Mn{CN)e.3H2Clj,iis pre- 
pared by dissolving manganous hydroxide in potassium! tyanide 
solution and allowing the liquid to crystallize in the coM. The 
action is reversed on boiling with water. Exposure to \ the air 
converts manganocyanides^in solution to manganicyanides. \ 

Manganic Compounds. — ^The oxidation potential of the change 
Mn***^^n“, though not accurately known, greatly exceeds the 
ferric-ferrous oxidation potential of 0-77 volt, and is probably 
more than 1*5 volts (both with respect to the hydrogen electrode). 
It follows that manganic salts are powerful oxidizing agents, but 
concentrated solutions of manganic salts cannot be prepared on 
account of the tendency of the manganic ion to react with water, 
forming a manganous ion and manganese dioxide: 

2Mn*“-4-2H20=Mn'*+Mn0a I +4H’, 

a tendency which can be prevented only by concentrated acids. 
Solutions of manganic salts have an acid reaction from hydro- 
lysis, and may deposit the sesquioxide imless acid is added to them. 
Manganic solutions are therefore stable, even in the cold, only in 
the presence of a large excess of an acid difficult to oxidize, unless 
the tervalent manganese is present in a complex anion. Insoluble 
manganic compounds, such as the oxide Mn^Oj, or the phosphate 
Mnl^4, are, on the contrary, usually stable. The extreme insolu- 
bility of the dioxide or its* hydrate causes manganous hydroxide 
to be a powerful reducing agent (compare the similar powers of 
ferrous hydroxide). Indeed the relationship between manganous 
and manganic impounds recalls in many ways that between 
ferrous and ferric compounds. The stability of the manganifluoride 
complex, (MnFg.HjO)", is a further point of similarity, and in the 
presence of excess of fluoride ions manganous salts will reduce 
iodine to iodide. 

HAX.XDES. — ^The manganic-manganous oxidation potential exceeds 
flie standard dectrode potentials of all the halogens except fluorine. 

Mangmite fluodde* MnF*, is prepared by the action of toorine on 
n^anganese or the manganous halides. On heathy it ^ves man- 
ganous fluoride and fluorine. It dh^olves in water to form ^ 
unstable red solution which depori^ marganei^ dioxide^ but m 
the presence of exces? of flhorCife ions a stable mai^hifluonde 
solutioxi is produced. 'This is mdch more easily prepared by tne 
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action of a permanganate on a manganous solution containing 
excess of fluoride: 

Mn04'+4Mn”+25F'4.8H*=:5MnF5.H80"+3Ha0. 

Potassium manganifluoride, KaMoF^.H^O, is slightly soluble in 
water and can easily be precipitated from the solution. It is slowly 
decomposed by water to form manganic oxide. 

Manganic ohloiide» MnClg, is unlmown in the solid state, but can 
be extracted by ether, in which it forms a violet solution, from a 
solution of manganese dioxide in cold concentrated hydrochloric 
acid. Potassium manganichloride, KaMnClg.HaO, is a red solid 
resembling the manganifluoride in its properties. 

Manganic sulphate^ Mn2(S04)8, is obtained by treating manganese 
dioxide with concentrated sdphuric acid and a little manganous 
salt as catalyst, warming till no more oxygen is evolved, washing 
with concentrated nitric acid, and drying at 150°. It is a green, 
very deliquescent solid, stable in dry air. It ^solves in concen- 
trated sulphuric acid to form a red solution, and is stable in fairly 
dilute sulphuric acid, but by water is decomposed to form manganic 
oxide. Alums of tervalent manganese have been prepared. 

Manganiesranides. — ^These compounds are isomorphous with the 
ferricyanides, and contain the ion Mn(CN)8'". Potassium mangani- 
cyanide, K8Mn(CN)8, is obtained in red-brown crystals by oxiefizing 
the manganocyanide with air. Its solutions soon deposit hydrated 
manganic oxide. 

Quadrivalent Manganese. — ^Compounds of quadrivalent man- 
ganese are either insoluble or contain the metal in the anion, while 
they all have a tendency to hydrolyse with the formation of the very 
stable and weakly acidic dioxide. 

Manganese tetllfliiGHride, MnF4, is unknown, but fluomanganites, 
containing tiie ion MnFj'", have been prepared. Potassium fluo- 
manganite, K8MnFe, is prepared from potassium manganate and 
hydrofluoric add: 

3Mn04'+8H*+6F=2Mn04'-f-MnF/+4H20. 

It is a powerful oxidizing agent slowly hydrolysed by water. 

Solutions of manganese dioxide in cold concentrated hydrochloric 
acid possibly contain hexachhro-maftganous acid, HgMnCle, in addition 
to manganese trichloride. 

Manganit6«.----These compounds, derived from the weakly addic 
Ji^anganese dioxide, are usually made by heating manganates or pet- 
^^^ganates to a moderate temperature. They are usually condensed 
sutetances with complex formulae, and are insoluble in water. 

®wgM«^ derivatives of sexivalent manganese contain 

the ion MnO/, and are br^ht green. Only the sodium and potassium 

salts are of importance. 

*2B 
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Potassium mwf^anaU, is pre^red by heating manganese 

dioxide with moist solid caustic potash in the air: 

2Mn0*+40H'+02=2Mn04"+2H20. 

The reaction is incomplete, and the product is extracted with water 
and evaporated till green crystals appear. The addition of an 
oxidizing agent such as potassium nitrate helps the oxidation but 
contaminates the product. Alternatively potassium permanganate 
may be heated with caustic potash: ti 

4Mn0y+40H'=4Mn04"+02 f +2H2O, \\ 

when manganese dioxide is produced at the same time b;^\a side- 
reaction. \ 

Potassium manganate is an intensely green solid isomo^hous 
with the chromate, sulphate, and selenate. A further resemblance 
between these ions is the insolubility of the barium salts. On 
strong heating, the manganate 3delds a manganite and oxygen. 
The manganates are stable in solution only in the presence of free 
alkali, as the solutions otherwise turn purple and deposit manganese 
dioxide: 

3Mn04"+2H20=:2Mn04'+Mn02| +4OH'. 

In aqueous caustic potash potassium manganate is freely soluble. 
The manganates are oxidizing agents. 

Permanganates. — Manganese heptoxide is a strongly acidic 
anhydride, and permanganic acid, HMn04, is a strong monobasic 
acid resembling perchloric acid, HCIO4, though its solutions are 
less stable. Permanganates are the final stage of oxidation of 
mangsmese compounds. On account of its high temperature- 
coefficient of solubility, which allows it to be easily obtained by 
crystallization, potassium permanganate is of much greater practicd 
importance than the sodium salt. 

Potaasiiiiu permanganate, KMn04, is made on a fairly large scale 
from solutions of potassium manganate. In the old process the 
solution was acidified by passing carbon dioxide through it, but this 
involved the ccmversion of a thnrd of the manganese to the dioxide, 
the starting-point of the manganate process. It is therefore more 
economical to oxidize the manganate solution either with chlorine: 

zMnO/'-fClj^zMnCy+zCr, 

or at the anode in electrolysis, usually in a cell of diaphragm type. 
Fotassauia permanganate is also made frcm a manganese st^ 
anode in aqueous caustic potash. Hie product is easily purified by 
recrystaflization. It forms small oyst^ isomorphous with potas- 
sium perchlorate, KCIO4, and of a purple coiotir so dark as to 
appear nearly black. Lace potassi^ perchlorate, it is much mot® 
soluble in hot water than in cold, but its mAnhSlity at room 
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temperature, about 50 gm, per litre at 12®, exceeds that of the 
perchlorate. 

When heated above 200®, potassium permanganate yields a 
manganite and oxygen. The best equation is: 

4KMn04=2K2Mn03+2Mn02+302 1 , 
but at higher temperatures further changes take place. 

Permanganates are powerful oxidizing agents of somewhat 
complex behaviour. The oxidation potential of the change 
Mn04'--»'Mn04'^ is 0*61 volt, so that chlorine can easily oxidize 
manganates to permanganates. The reverse change is of little 
practical significance, because in the alkaline solutions in which 
manganates are alone stable the reduction of permanganates 
proceeds further and leads to the precipitation of manganese 
dioxide. It is, however, possible to convert a permanganate to 
a manganate by boiling it with concentrated caustic alkali, or by 
heating the solids together, when oxygen is evolved: 

4Mn04'+40H'=4Mn04"+02t + 2 H 2 O. 

If the alkali is dilute the dioxide is precipitated instead. Usually, 
however, the oxidizing action of permanganate solutions follows 
one of two courses: 

(i) in neutral or alkaline solution: 

2Mn04^4~*<I^G=2Mn02 

(ii) in acid solution: 

2Mn04'+3H20=2Mn-+60H'+50. 

The oxidation potential of both reactions depends greatly on the 
hydrogen ion concentration of the solution. In a solution normal 
in permanganate and in acid the second change has a potential of 
1-52 volts, sufficient, that is, to oxidize a chloride solution to chlorine. 
While these concentrations are higher than would be met with in 
volumetric analysis, or than stability allows, it is nevertheless 
imprudent to use permanganate in hydrochloric acid solution for 
this work, for unless the dilution is very great some permanganate 
may be consumed in the liberation of chlorine. Solid potassium 
permanganate causes a rapid evolution of chlorine from concentrated 
hy^ocmoric acid in the cold. 

In volumetric analysis potassium permanganate can be used for 
9 - great variety of estimations, and on account of the intense colour 
of its solutions no indicator is required, though in alkaline solution 
the precipitated manganese dioxide is apt to obscure the end-point 
^ess steps are t^en to coagulate it at the bottcmi of the vess^ 
Permanganate solutions are affected by light, and unless kept in 
blue bottles suffer a slow alteration in composition; they are also 
reduced by rubb^ or other organic substances, so that 
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burettes with g^s taps should be used. Among the most important 
oxidations wi& pennanganate used in analysis are the following- 
oxalic or fonnic acids to carbon dioxide and water (carried out at 
6o®) , ferrous salts to ferric salts, ferrocyanides to ferricyanides. With 
hydrogen peroxide in add solution mutual reduction takes place; 

2Mn04'+5H,0,=2Mn"+50s f +60H'+2H,0, 

Neutral manganous solutions react with pennanganate on (fijannmg 
to predpitate manganese dioxide: \ 

2Mn04'+3Mn"+2H*0=5Mn0j,4- +4H’. I 

This is Volhard's titration. To coagulate the manganese di\)xide 
zinc sulphate is added to the liquid, whose hydrogen ion \con- 
centration also needs careful control. 

Permanganates are also used in bleaching, and as antiseptics. 


Rhenium 

Re=i86-22. Atomic number, 75 

This rare dement, discovered in 1925 in Norwegian molybdenite, 
is now extracted from spdter residues. In its valley relations it 
resembles manganese, though the valency of sev«i is more con- 
spidous in rhenium. The density is 2i’4, and the mdting-point 
(3137®) is exceptionally high (cf. tungsten, 3370®), Like the adjacent 
demits tungsten and osmium, it can be made into filaments, and 
with its greater dectrical resistance it may perhaps replace tungsten 
in lamps. The oxides RejOs, ReOj, ReOs, and Re^Oy are known. 
The heptoxtde, obtained by burning the metal, mdts at 304® and can 
easily be distilled: it has no oxufrzing properties. It is extremely 
solu^ in water, forming a strong add from which the colourless 
penhenaies are derived. These are less easily reduced than the 
permanganates.. Potassium perrhenate, KRe04, is slightly soluble 
in colH water (12 gm. per Htre) ; sodium perrhenate is freely soluble. 
Tbs dioxide is obtained by hydrolysis of the tetrachloride or by 
oxidmng the^mefcal in oxygen at low pressure. All the oxides 
)^e easily reduced to the metal. The highest known fluoride and 
ddoiide are ReF, and ReClg, both made by direct combination, but 
. jl^um forms a volatile oxyddoride, ReOaG, in whidi its valency 
fo seven. The sulphides resemble tire oxides in formula, and the 
‘k^dasulpdiide Repf is pred|ntated .,by hydro|^ sulphide from 
Irisonglyfcid perrhenate solutions. 

,'The heptcHKufo and oxychkmdb have bedi used m the 

of the equivalent. 



CHAPTER XXII 
GROUP VIII 


IRON, COBALT, NICKEL, RUTHENIUM, RHODIUM, PALLADIUM, 
OSMIUM, IRIDIUM, PLATINUM 
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The Transition Elements and Group VIII 


It will be seen from the diagram of the transition elements, in which 
Group VIII, to which the term is sometimes restricted, is enclosed 
by a dotted line, that the group differs in structure from all others 
of the periodic table. Some of the physical properties of Group VIII 
elements are shown in the table below; it will be observed that the 
atomic weights of cobalt and nickel lie out of order (p. 318). 
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Ni 

Ru 

Rh 

Pd 

Os 
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Pt 

Atomic Number 

26 

27 

28 

44 ' 

45 

46 

76 

77 

78 

Atomic Weight 

55-85 

58-94 

5871 

IOI*I 

102*91 

io 6;4 

190*2 

192*2 

195*09 

Density (max*) 

7-86 

8-8 

8-8 

12 

12 

12 

24 

22*4 

21*7 

Atomic Volume 

7-1 

67 

67 

8-5 

8*6 

8-9 

8*0 

8*6 

9*0 

Melting-point 

1533® 

1480" 

1450** 

1950“ 

1966® 

1550“ 

2500® 

2454® 

1774"* 


SoMB Physical Propbrtibs of Group VIII Elbmknts 


These elements are all metals of high “^ting-pomt, aj^^ m 
three characteristic 'triads.' Since they bear a . 

ship not only to each other but to the adjacent transirion 
it will be convenient to consider here one or two 
of the groiQ) as a whole. The atomc volumes ^ 
elements and of the elemoits in the ® 

are shown in Kig^ 146, from which it will be ^ that the ; 

elements aQ have similar values between 67 and 9-0 and occupy 
®inima hi the setfes. 

. - 77 * t- 
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The electronic structure of the atoms of the i8 elements between 
K (Z=ig) and Kr (Z—36) inclusive results from the filling of the 
electron group IV (cf. diagram on p. 347), after the completion of 
the argon core (2, 8, 8) in the preceding lighter elements. Experi- 
mental spectroscopic evidence, as weU as modem theory of atomic 



Fig. 146 Atomic Volumes of the Transition Elements 


stracture, show that this fourth electronic group is composite, and 
can be subdivided into three subgroups, wUch, following the 
spectroscopic nomenclature (4s, 3d, and 4p), we shall call s, d, and^. 
"nie maximum electronic contents are: s, 2; i, 10; p, 6, making 18 
in all for the whole group. The bonding energies of the electrons 
in the three sul^;roups are similar, justifying their inclusion in one 
main group. The detailed order of filling of the subgroups, which 
is not quite regular, is shown in the following table: 
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Up to and including Mn all the electrons in both subgroups s and 
d contribute to the maximum valency. *When, however, the sub- 
group d is half-filled, i.e. at Fe, most of its elections abruptly cease 
to be available for valency purposes, and the production of stable 
compounds. From Fe onwards only one of the electrons from sub- 
group d is so used, as is indicated by the parentheses in the table. 
In the unstable ferrates (p. 785) iron is probably sexivalent, and we 
see the vestiges of the use of more than one electron from subgroup 
d. The six elements from Ga (Z=3i) to Kr (2=36) are formed by 
the filling of the sub^oup p, which remains empty until Ga is 
reached. The similarity in the bonding energies of electrons in 
subgroups s and d is responsible for the very variable valencies of 
the elements from Ti to Mn, for the valency actually exerted will 
depend mainly on whether the chemical environment of the atom is 
reducing (tending to add electrons) or oxidizing (tending to remove 
electrons). 

The transition elements are aU metals, usually with high melting- 
points, of variable valency. Their compounds are usually coloured, 
and they have the high catal5d:ic activity associated with variable 
valency. In Group VIII the metals, with the exception of iron, 
are all noticeably resistant to oxidation or chemical attack. Iron, 
cobalt, and nickel are more electropositive than the rest, and also 
more abundant. The great abundance of iron and its comparative 
susceptibihty to corrosion mark it out from the rest. Excluding 
these three metals, it will be noticed that the remainder are all 
scarce and negligibly electropositive (low atomic volume). Con- 
sequently most of their halides are insoluble in water (compare 
silver and gold), or dissolve in it to form complexes with the metal 
in the anion. 

The valencies throughout the group are veiy variable, and the 
study of the compounds of these elements is a fascinating but 
complicated problem. They may be classified either horizontally 
or vertically; we shall adopt the horizontal classification, but 
frequent allusion will be made to vertical comparisons. Higher 
valencies become more marked as we move from right to left or 
from top to bottom; thus nickel is seldom other than bivalent, 
while osmium displays the highest valency — eight — of any element 
in a binary compound. Throughout the group the stability of 
various valencies depends greatly on complex formation, for which 
all Group VIII elements have a conspicuous aptitude. Several 
complexes will be discussed later on, but we may mention here the 
complex bivalent cations which the first long-period elemients 
form with ammcmia, which increase in stability from iron to copper, 
the veiy important complex cyanides. With the elements of 
the iron column the most stable complex cyanide ions are those in 



774 THEORETlCAt AND INORGANIC ClffiMISTRY 

which Um metd has an electrovalen^ of two — e.g. the ferrocyanides 
Fe{CN),""; with the cobalt colunui elements the cobalticyanides 
Co(CN),"', containing the tervalent metal, may be taken as typical’ 
white with the nickel column the metal is bivalent again— e.g. the 
jdatinocyanides, Pt(CN)4". The study of the complex halides is 
also intraesting, but rather less simple. Cobalt, rhodium, iridium 
and platinum, and to a less degree the other elements of the group’ 
are remarkable for the number and stability of their (implex 
ammines. T\ 

'i\ 

Iron 

Fe=55-85. Atomic Number, 26 

ffisbay. — Iron may have been an Asiatic discovery. It was 
certainly known in Asia Minor about 1300 b.c., for one of the 
kings of the Hittites presented an iron sword to the celebrated 
Ih^oh of the Nineteenth D3masty, Rameses II. An iron tool 
w^ also found embedded in the masonry of the Great Pyramid at 
Gizeh, thus pre^unably dating from about 2900 b.c., when the 
pyramid was being budt. Ancient names for iron are usually to 
be interpreted as ‘the celestial metal ' or ' the metal from 
heaven,' indicating that the first known specimens were of meteoric 
origin. By the time of Solomon, the extraction of iron from its 
ores must have been well established, since about 2500 tons of the 
metal were used in the construction of his temple at Jerusalem. 
We read, too, that Nebuchadrezzar (about 600 b.c.) carried ofi 
into captivity a thousand iron-workers from Damascus. 

Certain specimens of ancient £g3rptian iron, when subjected to 
di^niical analysis, were found to contain combined carbon, which 
Si^gests that th^ may have been made of steel. Case-hardening, 
for steel tods, is definitely known to have been in use in the seventh 
coitury B.C., white the Indian steel employed for the celebrated 
Yem»i trades was probably imported to Arabia as early as the 
fourth (nr fifth century b.c. 

The Wtd ‘ ircm ‘ is of Anglo-Saxon origin. Among the dchemists, 
the metal was known as Mars, horn its supposed astrological con- 
nection with the danet. _ 

OoeomaM Biimetion. — Iron is the most abundrmt of the 

oodals, with the single exception of aluminium, but the great 
difficulties which attend the extraction of aluminium, and which 
Ipve been overcome only in recent years and ui the treatment 01 
Selected ores, have caused iron to be inO(ntH>arably the more useful 
occurs principally as oxide or^ Su^mide, i^t sulphide ores 
^Vcutnot oouvenieatly be used for hon.manufoctnre, timogh they 
mtud* used for mai^g sulphim dkuddfi. The principal oxiae 
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ores are Jicufnatite, ; Umonite, hydrated Fe203 ; and nm^ineUie^ 
FcaOi. They occur in many parts of the world, some of the richest 
deposits being in the United States, Great Britain, Scandinavia, 
Belgium, Alsace-Lorraine, Germany, China, and Brazil. Not all 
of these, however, are 
worked, for the value 
of an iron ore depends 
on many factors be- 
sides its iron content, 
which should be at 
least 30 per cent. 

Cheap transport and 
cheap coal are essen- 
tial, magnetite re- 
quiring more fuel than 
the other ores. The 
physical properties of 
the ore are important, 
as a powdery ore can- 
not be worked in a 
blast furnace without 
preliminary treat- 
ment. The nature of 
the impurities must 
also be considered, 
as the ot 

smcates, phospUorus, 
sulphur, or limestone MoUen 
will influence the ex- 
traction process. The 
presence of coal and Fro- i47- Blast Fornack 

iron in adjacent dis- 
tricts was one of the principal reasons for the industrial supremacy 
of Great Britain in the nineteenth century. 

The manufacture of iron by heating its oxide ores with carbon has 
been carried out mce the beginnings of history, though the general 
UM of iron was preceded by that of copper and bronze. In modem 
times the operation is carried out in a blast furnace. This is a 
firebrick tower cased in iron which may be one hundred leet hiph; 

is fed with the- me mixed with coke and a flux to mable the irto*- 
I^rities iu the b»e to form a liquid which can be withdrawn hma 
the fumacfe, The nature of the flux depen<k on the unpuritiM 
present: if there h! -much lime an acidic flux like silica is added, 
l^^ch silke, h tMafa: flux like lime, so that the slag usually 
^ely df cakkun aUcate. 
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Hie air required for the combustion of the coke is fed in near the 
bottom ctf the furnace through japes, called iuyires, or ‘ twyers/ 
whidi pnp^ect slightly into the interior. Just below the tuy&'es 4 
the slag-hole, though which the slag is discharged, and lower still is 
the tap-hole from which the molten metal is run whenever the level 
i^de reaches nearly to the slag-hole. One of the greatest advances 

the art of making iron was begun in 1828, when Neilson heated 
the air-blast before admitting it to the furnace. The heat | (if the 
furnace gases, which leave the furnace by a i>ipe called the ‘^wn- 
comer,' is generally employed for the purpose. These gases c^tain 
a considerable proportion (about 24 per cent) of carbon monoxide, 
and are burned, with the help of a further air-supply, in a toller 
provided inside with a brick chequer-work to absorb as much as 
I)ossible of the liberated heat. When the temperature within this 
tower is sufficiently high, the furnace gases are deflected into another 
similar structure and the air-blast is heated by passing it through 
the hot tower. In modAn practice the furnace gases are used not 
only to heat the air-blast but to raise steam for power, and are even 
burned in combustion-engines for the same purpose. Progress has 
been made since the days when the gases bumii^ at the open mouths 
of the furnaces lighted up the night countryside for miles around. 

The essential reaction in the furnace is the reduction of the iron 
oxides by carbon monoxide, e.g.: 

FejjOj-l-aCOv^iaFe+sCOg. 

Since the reaction is reversible, and since it is imj>ortant to ensure 
complete reduction of the ore, conditions have to be such that the 
carbon monoxide is in considerable excess. Hence the presence of 
such a high proportion of the monoxide in the gases that leave the 
furnace. 

The heat required to raise the mass to the necessary high tem- 
perature for this reaction is supplied by the heat of formation 
of the carbon monoxide from the coke and the hot air-blast. The 
process is continuous, and a furnace once lit need not be interrupted 
until the Uning is worn out. The t«ni)erature in the neighbourhood 
of the tuytees, where the metal is bcmg melted, may reach 
but h^er up the furnace the temperature falls and the issuing 
^ases are at about 300^ 

The product of the blast furnace is called casl iron, or sometimes 
iron , finom the ^ pigs ' or ingots made by running it into moulds. 
M oontams smne 3 per cent of impurity, mostly carbon, but phos- 
fiibfw ribcOn, aim suljdiur are also usuedly Resent Large 
Jfiiaurities iiun am used without furiiiar punficatiem. As its 
it am bemused lor mkkiiig casts, smee it expan^ on 
i^difeatimi, but it is bdttte. cannot be wdlded^ and will not 
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sustain heavy loads. These difi&culties can be overcome by the 
use of wrought iron or steel. 

tfon is simply cast iron from which the impurities» 
particularly the carbon, have been almost entirely removed. 
Wrought iron is tough, and before the invention of the Bessemer 
process for making steel was 
of much greater importance 
than it is now. It is made by 
heating cast iron to a very» 
high temperature with iron 
ore in a reverberatory fur- 
nace, such as that shown in 
the diagram. In this furnace 
the heat is reflected from 
the roof and sides, and the 
carbon and other impurities Fig* 148. Reverberatory Furnace 
in the cast iron are slowly ♦ 

oxidized by the oxygen of the ore. As the carbon is removed the 
melting-point of the iron rises and the metal, at first liquid, begins 
to ‘ ball together ’ or solidify. It is stirred with long poles called 
' rabbles * inserted through an opening in the wall of the furnace not 




shown m the diagram. This operation, called puddling, is stiU 
carried out by hand, and the iron is finally removed from the furnace 

on the end of these poles: it is immedi- 
ately placed under a steam hammer and, 
while still hot, squeezed free from slag. 

Before the invention of the Bessemer 
^ converter in 1855 steel was made from 

^ wrought iron and carbon by a laborious 

w process which, moreover, on account of the 

(^Axis ^ very high temperature required, could be 

^ applied only to small masses ol metal at a 

Sjj time. Bessemer conceived the idea of 

j!^ rapidly oxidizing the carbon an^ other ixn- 

‘ purities in molten cast iron by blowing air 
through it, thus eliminating the pudding 
[ ^ enters subsequent processes. The vessel in 

Fig. 149. Bessemer ’^lidi the oxidation is carried out is called 
Converter a Converter; modem examples dxe twenty 

or thirty feet high and have an mtemal 
diameter of about eight feet, holding thirty tons of metd. Tht first 
convert^ were fixed, but modOTi converters can be tfited ^out a 
horizonlal aids.; They are filled with the tuy&es horizontal and tte 
J^ed outlet pomting upwards; the molten iron 13 poured into it 
from a fecavelui^JlMle. The converter is th&n turned into the 


Tuyeres 

./r\\\ 


Fig. 149. Bessemer 
Converter 
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position shown in the diagram md the air-blast is turned on at an 
excess pressure of some two atmospheres. The carbon is oxidized 
to carbon monoxide, which bums at the mouth of the converter, and 
oth^ impurities are also removed as volatile oxides. In the earlier 
fonns of the process phosphorus could not be removed, and it was 
necessary to work with ores which contsmed none. It was, how- 
ever, discovered that with a dolomite lining and a blast of mom than 
usual duration a metal quite free from phosphorus resulted^ this is 
called the * basic Bessemer process.' Hood, in his book teUs 
the story of how the possibility of using a dolomite lining dis- 
covered in 1878 by Thomas; clerk to the magistrates at the ThWes 
police court, who had taken up the study of chemistry as a hc^by, 
and who had had no practical experience whatever of the iron trWe! 

The product of the 
process is tipped out of 
the converter, and is 
now called Before 
the introduction of the 
converter the term 
* steel ’ was applied to 
wrought iron to which 
some 2 per cent of 
carbon had been added. 
Modem steels may con- 
tain less carbon even 
than wought iron, the 
term mferring simply to 
metal which has been prepared in a converter or by the alternative 
processes. The proportion of carbon left in the iron depends on the 
duration of the blast. Bessemer found that if the blast was continued 
long enough to remove all the carbon, some of the iron was oxidized 
as w^, and this quite spoiled its properties. Soon, however, the 
discovery was mS.de ftat if manganese was added, nearly all the 
carbqa cqfld be oxidized without any oxidation of the iron, and this 
discovery contributed much to the supremacy which the Bessemer 
process so loi^ enjoyed. That process, however, is by some now 
cmsidered toHbe ol^lescent, and is menaped on the one hand by 
the SiEMEKS open-hearth process and on the other by the electric 
liimace. 

The open-hearth steel furnace was introduced at a comparatively 
early date. Cast iron is mdted with ore and a flux, usually Kme, 
on a lining whidi may be either silica or dolomite, the source 01 
besLt being burnmg pie-heated producer-gas. An intaasive system 
ol heat regeneration js required to reach the high temperature 
necessary, and is an eteential part of the plant. The furnace is 
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sonietiines tnade reversible ; that is to say, the air and prodticet-gas 
are led into it through brick chequer-work which has just been heated 
by the issuing gases. The open-hearth furnace differs from the 
simple reverberatory t}^ in the source of heat, the provision of 
a heat-regeneration system, and the use of a flux. This flux forms 
a slag which floate on the surface of the steel and protects it from 
the oxidation which would otherwise take place. The manufacture 
of steel in this furnace takes longer than in the Bessemer converter, 
but it is more easily controlled and the product is more imiform in 
composition. The addition of deoxidizers such as ferro-manganese, 
ferro-titanium, or aluminium scrap effects a great improvement in 
the quality of the steel. 

The electric furnace has been applied to steel manufacture in 
comparatively recent times, and its use is said to be increasing. 
Several types are in existence, the current being usually conveyed 
to the metal by carbon electrodes. The chief advantage of all 
such furnaces is the very high temperature that can be reached. 

Carbon-containing steels contain the carbon partly as cementite, 
a carbide of iron with the formula FcgC. The heat treatment of 
steel is intimately connected with the changes undergone by iron 
on heating or cooling, and belongs to the science of metallurgy 
rather than to pure chemistry. 

Special Steda. — ^The greatest development of modem metallurgy 
has been in the production of alloys. Modem high-speed machinery, 
particularly of the reciprocating type, requires metals of great 
toughness, tensile strength, and resistance to wear, and the manu- 
facture of specif steels for these purposes has become an industry 
of the highest importance. Some special steels are mentions 
below, others in connection with the metals that they contain. 

Steel for High-speed Tools, — This steel must be capable of standing 
high temperatures without softening. A typical specimen contains : 
tungsten 15 per cent, chromium 4 per cent, vanadium i per cent. 
The tungsten is sometimes replaced by molybdenum m smaller 
quantity. The steel is heated to about 1300® and quenched in ofl. 

Steel for Constructional Work, e.g, bridges. — ^The necessary strength 
is obtamed by the use of 3 per cent nickel, i per cent chromium, and 
sometimes small quantities of manganese and vanadium. Such 
steels are also used for the frames of motor cars. 

Steel for spedaUy Hatd Wear, — ^For the jaws of rodc-crushets, 
for rails On diarp curves, for steel helmets, and for similar purposes, 
a steel containii^ about 10 per cent of manganese is used. 

Stainless -This is used for cutlery. It contains X2 per cent 
^ chromliim*" t 

Steel ^ Rsoip^oeaHng MmMnery,—Th^ steels contain chromium' 
vanadium in vmy yasiable proportions. 
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Sted for Permanent Magnets . — Such a steel may contain 30 
per cent of cobalt. Stainless steel is also suitable for the purpose. 

Froperties. — ^The physical and even the chemical properties of 
iron are profoundly modified by the small quantities of carbon 
and of other impurities which the commerci^ substance usually 
contains, and the product of large-scale metallurgical operations is 
not suitable for the investigation of the properties of tte pure 
element. This is best prepared either electrolytically or by reducing 
in a current of hydrogen any oxide of iron, or such a salt as ferrous 
chloride. For dectrolysis ferrous sulphate may be used in the 
bath, but the hydrogen ion' concentration must be carefully icon- 
trolled. In strongly acid solution hydrogen is produced, and Wen 
a slightly add solution might lead to ocdusion of hydrogen in\the 
cathode, while excess of hydroxyl ions produces a predpitate of 
ferrous hydroxide. The bath is therefore buffered by the addition 
of magnesium sulphate, which precipitates magnesium hydroxide 
in alkdine solution, and sodium hydrogen carbonate, which prevents 
any accumulation of hydrogen ions. Oxidation by the air must 
be avoided by carrying out the electrolysis in an atmosphere of 
carbon dioxide, or by leaving intact the layer of ferric hydroxide 
which collects on the surface of the liquid if the operation is carried 
out in the air. The anode is made of wrought iron, and the cathode, 
which is kept in rotation, of platinum or copper. 

Pure iron has properties very different from those of the com- 
merdally more important alloys which may differ from it only 
slightly in daemical composition. It is a white metal which melts 
at 1533° and boils at 3235®, The density is 7*9, and the metal is 
soft, ductile, and malleable; it can be obtained in the form of fairly 
large crystals, but this is not easy. Solid iron exists in three, or 
pos^bly four, allotropic modifications, the stability ranges being 
as foDows : a-, up to 769® ; 769® to 928® ; y, 928® to 1404® ; 8-, 1404*" 
to melting-point. Of the transition-points that at 928® is the most 
conspicuous, and the transformation of y to fi^kon gives out so 
much heat that a wire which has been strongly heated and then 
afiowed to cool dSghtly below the temperature of redness suddenly 
glows brightly as the transition temperature is reached, a pheno- 
menon to wli^ the name * recalescencej^ has been givra. Most 
of the physical properties of pure iron show a discontinuity at this 
t^np^ture. X-ray examination has shown that the transition 
jfiom to yiixm is accompanied by a change in the crystal 

structure. 

Like many other metals, iron is penneabk to hydrogen, and under 
suitable conditions will occlude quite large volumes of the 
Nascent hydrogen wSl pass through sheet iron evai at ordin^ 
temperatures, wd ordmaiy hydrogen wifi pass through the metal 
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at high€r temperatures, say 800® or over. This has caused serious 
difficulty in plants in which hydrogen at high pressures and 
temperatures has to be kept in iron vessels-~e.g. in factories 
working the Haber-Bosch process. 

Since the standard electrode potential of iron is — -0*44 volt, it 
will not dissolve to any appreciable extent in pure cold water. In 
the presence of oxygen and water iron is, however, more or less 
rapiiy corroded, with the formation of a loose brown mass of 
hydrated ferric oxide, called ‘ iron rust.* It can be shown experi- 
mentally that neither pure water nor pure oxygen is alone sufficient 
to cause corrosion, but it is still an open question whether iron will 
rust in aerated water from which all traces of carbon dioxide have 
been excluded. Experiments in which the surface of the metal 
and the apparatus are washed with alkaline solutions are incon- 
clusive, since it is definitely known that iron will not rust under 
caustic alkalis. A certain concentration of ferrous ions in the 
solution is presumably necessary to the formation of rust, and since 
the solubility of iron in aqueous solutions depends chiefly on their 
hydrogen ion concentration, it is not surprising that the metal 
should remain untarnished imder caustic ^alis. There is, how- 
ever, no doubt that the increase in the hydrogen ion concentration 
brought about by the presence of carbon dioxide causes the attack 
on the metal to be much more rapid in natural fresh water than in 
pure distilled water containing air but free from carbon dioxide. 

Many metals, such as aluminium (standard electrode potential 
~i’66 volts) or zinc (— 076 volt), which are more electropositive 
than iron, are yet far more resistant to the action of water. The 
explanation is probably that iron rust is a porous substance which 
ofiers no protection to the metal beneath it, while the oxides of 
aluminium or zinc, when present in quantities so smaD as to be 
invisible to the eye, form a coherent coating which prevents any 
further attack. 

Iron is readily soluble in dilute acids, with the formation of ferrous 
salts and hydrogen. The marked odour of the gas obtained from 
acids and commercial iron must be attributed to impurities in the 
metal, and is altogether absent if the purest iron is used. Even 
f^tly acid solutions — e.g. solutions of ammonium ^ts — will 
dissolve iron without difficulty. The action of nitric acid is very 
complicated. If the acid is extremely dilute, ferrous nitrate is 
formed and some of the nitric acid is reduced to ammonia, which 
forms ammonium nitrate. No gas is therefore evolved: 

4i^e+roH-+NOs'=4Fe-+NH4-+3HA 

As the arid grows rathermcoeconcentrated, ferric nitrate is the princi- 
pal product, and gas is evolved ; with acids of various concaatration. 
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nitrotts oxide, mtric oxide, mtrog(|i ^oxide, and emmonitmi 
salts may all be produced in varying proportions. Ccmcentrated 
nitric acid has no action on iron, which when placed p this liquid 
is said to become * passive.* It has already been explained 

g . 423) that this is due to a skin of oxide which covers the metal 
Dn is unaffected by cold alkaline solutions, which protect it from 
corrosion, but it is attacked by boiling concentrated ajikaline 
solutions, or by fused caustic alk^. | 

Pure dry oxygen begins to attack iron at about 150®. Ut first 
the action is limited to the production of very thin fihns ofWxide 
which produce interference-colours on the surface of the ^etal. 
These colours are used by workmen to estimate the temperatures 
reached during the heat treatment of steel. If heated to a 
temperature in oxygen, iron can be made to bum, but the tempera- 
ture necessary depends chiefly on the state of subdivision. Iron 
wire or iron gauze will bum in oxygen if ignited with burning 
sulphur, or even in air if heated in a Bunsen flame, while the iron 
powder obtained by reducing iron compounds in hydrogen is 
pyrophoric at ordinary temperatures. All forms of iron will reduce 
steam with the production of ferrosoferric oxide: 

3 Fe+ 4 Hj 0 v^Fe 304 -f 4 H 2 , 

and though the equilibrium can be but little affected by the physical 
condition of the metal, yet the rapidity with which equilibrium is 
reached is greatly influenced by this factor: iron powder reacts on 
gentle warming, whereas iron lumps show no measurable action 
below 300® or 400®. 

Iron reacts with the halogens when gently heated with them, and 
is strongly corroded by chlorine at the ordmary temperature. 

Oxides and Hydroxides. — In addition to ferrous oxide, FeO, 
and ferric oxide, FegO,, an oxide of intermediate formula, Fes04, is 
known. All these oxides can be obtained in the hydrated state. 

Ferrous oxitet l^eO, can be obtained only with difficulty in a state 
of purity, as it is easily reduced to the metal or oxidize to ferric 
oxideor ferroscierric oxide. It can be prepared by careful oxidation 
of the metal — e.g. by exposing the amalgam for some time to the 
air— or by reducing ferric oxide with pure carbon monoxide at a 
temperature wh^ must not rise much above §00^. The ignition 
of ferrous oxalate in an inert atmo^here yields a pyrophonc 
inixt^ of iitm and feiTO . 

Tlie properties of the oxide depend on its state of division, n 
j flaely powdered it will bum readily in the air and decompose 
fboS^ water, libmting hydrogen and forming lerrie hydroxide: 

is siAible in acids. 
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Ferroos liFdfcaddet Fe(OH)2, is obtained as a colourless precipitate 
by the addition of caustic alkalis to ferrous solutions. As it is 
rapidly oxidized by the air, turning first green then brown, it must 
be prepared in an inert atmosphere and with solutions from which 
all dissolved air has been removed. Oxidation proceeds so 
vigorously that if exposed to the air the hydroxide may become 
incandescent. Like ferrous oxide, it is soluble in acids and will 
liberate hydrogen from boiling water. Unlike ferric hydroxide, 
ferrous hydroxide is a strong base without amphoteric properties. 

Ferric ozide» Fe203, occurs plentifully in nature as haematite or 
specular iron ore. In the laboratory it can be prepared by heating 
the easily obtdned ferric hydroxide, or by roasting almost any 
compound of iron in air or oxygen. Iron pyrites is used for this 
purpose on a very large scale in the manufacture of sulphur dioxide, 
though its place has in recent years been partly taken oy American 
sulphur. The reaction is: 

4FeSa+ii02=8S02+2Fe203, 

and the residue of ferric oxide is used as a source of other iron 
compounds, as a catalyst, or in smaller quantities as a red pigment. 

Ferric oxide is a red substance which melts at 1565® and dissolves 
only with difficulty in acids. Its magnetic properties are very 
weak. It can be reduced to the metal with hydrogen, or by carbon 
monoxide at high temperatures, but at 500® carbon monoxide 
produces ferrous oxide. When very strongly heated, ferric oxide 
loses oxygen and forms ferrosoferric oxide, Fe304. It was formerly 
used as a catalyst in the contact process for s^phuric acid,*with 
cupric oxide as promoter, but it has now been largely superseded 
by vanadium compounds. Ferric oxide also catalyses the reaction 
between carbon monoxide and steam, now of technical importance: 

CO -f- HgO -}- H2. 

Ferric hydrGziae» Fe(OH)8, is produced as a brown precipitate 
when caustic alkalis are mixed with cold ferric solutions. By 
prolonged boiling, a red compound with the composition Fea03.H20 
is obtained. Both these substances readily dissolve in acids to 
form solutions of ferric salts. Ferric hydroxide so readily adsorbs 
substances from the solutions in which it is precipitated, and retains 
them with such tenacity during washing, that it is best to use the 
Volatile precipitant aqueous ammonia, which can be esqpelled 
from the pitKiuct by heatings Ferric hydroxide is easily obtained 
jn colloidal sothtion. It is a weak base and is produced Igr the 
hydrolysis of fei^ ^ts; thus if a few drops of a solution of ferric 
chloride are add^ to a large volume of hoping distilled water, a 
deeply coloured yeljbw, brown, or red solution is obtained hrmh 
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which hydrogen chloride can be removed by dialysis* When 
prepared in this way, ferric hydroxide is a positively-charged 
colloid easily coagulated by electrol5^es, particularly those con- 
taining multivalent anions such as sulphates, but it can also be 
larepared as a negative colloid. 

'Hie precipitation of ferrous and of ferric hydroxide is pre- 
vented by the addition of certain hydroxylic substances,; ^uch as 
glycerol or tartaric acid, with which the ferrous and ferric ipAs form 
complexes (compare aluminium). The precipitation of ferrous 
hydroxide with ammonia is also prevented by the presence <if ^xcess 
of ammonium salt, which represses the Association of the \ base. 
Ferrous ions form a complex (Fe-bNEg)’* with ammonia, bht no 
corresponding complex of ferric ions is known. 

— ^These substances are derivatives of ferric iron, not 
of ferrous iron, as the name might suggest, and may contain the ion 
FeOg'. They are obtained by heating ferric oxide with another 
metallic oxide or hydroxide, e.g.: 

Fe208+2Na0H=2NaFe02+HA 


or by adding caustic alkali to a mixed solution of a ferric ^d another 
s^t and igniting the hydroxide precipitate so obtained. The 
ferrites are either insoluble in water or, like sodium ferrite, de- 
composed by it into the constituent bases. Sodium ferrite is 
used in one process for the manufacture of caustic soda (p. 439 )- 
The hydrated ferric oxide obtained by the decomposition of this 
substance has the composition FeO(OH), or FcgOg.HgO# identical 
in constitution with the mineral goethite. Sodium ferrite can, how- 
ever, exist in concentrated alkaline solution, and is usually prepared 
by heating ferric oxide with concentrated caustic soda. , 

F en oi O fegric oxide, Fe804, can be prepared by heating the precipi- 
tate which caustic soda produces in mixed ferrous and ferric solu- 
tions. It is a black solid, melting at 1527°, whic* occurs in large 
quantities in nature as the mineral magnetite. It is the most stable 
oxide of iron at very high temperatures, and may be prepared by 
heating ferric oxide to 1500® or over. It is also produced by tne 
balanced action between iron and steam, or by burning non in 
oxygen, but ii subjected to prolonged hating in air or oxygen a 
about 1300® it is converted to ferric oxide^ 

It is much more strongly magnetic than the other osades of uo . 
and in tte natural form has be^ called ‘ lodestone ; it , 
toown as fmgndk oxide of iron. Although compoi^ amd 

ions Fe**, fJb and the oxide fe insoluble m dilufo 
^ssolves only dowly in concentrate adds to ^ye a m^e 
and ferric soution. The action of caustic alkah 
, jsoduc^ a predpitate which has the formula 2E0|O4.3H*u, 
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from which the water can be removed by heating. This precipitate 
is soluble in acids, and from the solutions salts such as Fe8Cl8.i8H20 
can be obtained. They are probably complex salts, e,g, FefFeCL).. 

Ferrates which contain the anion FeO/, may be regarded as 
derivatives of the imknovm iron trioxide, FeOj. They are more 
stable than the femtes, since solutions of the soluble ferrates (e.g. 
those of the alkali-metals) can be kept for several days, and the 
insoluble barium ferrate can be boiled with water without decom- 
position. "^ey are, however, decomposed even by the most dilute 
acids, yielding a ferric salt ^d oxygen or an oxidation-product of 
the acid anion — e.g. chlorine from hydrochloric acid. Ferrate 
solutions are deep red in colour. 

Potassium ferrate, K2Fe04, k prepared by the action of oxidizing 
agents such as ozone, chlorine, bromine, or hypochlorites on a 
suspension of ferric hydroxide in aqueous caustic potash: 

2Fe(0H)3-f40H'-h30=2Fe0/ri-5H20. 

The solid salt can be obtained by cooling the solution: it forms 
black crystals which are isomorphous with potassium sulphate or 
potassium chromate. Sodium ferrate, Na2Fe04, can be prepared 
in a similar fashion, or by heating ferric oxide with sodium per- 
oxide and extracting the product with water. Barium ferrate, 
BaFe04.H20, is obtained as a purple precipitate by the action 
of soluble ferrates on barium solutions. 

It is somewhat surprising in view of the relative stability of 
chromates and permanganates, in which the metals immediately 
preceding iron display their highest valencies of six and seven 
respectively, that ferrates, in which iron exhibits a sexivalency, 
should be so unstable. The cause of this abrupt change may lie in 
the stability of the half-filled group of electrons, which is reached 
in manganese {see also p. 773). 

Nitrides* — Of the various nitrides of iron which have been 
described, the most important has the formula Fe^N. It is a grey 
solid prepared by heating either the metal or ferrous chloride or 
bromide in a current of ammonia, and when strongly heated 
decomposes into its elements. If heated in hydrogen the nitride 
undergoes a reversible reaction: 

aFejN-|-3H2^2NH8-l-4Fe. 

It is readily soluble in acids, from which it liberates hydrogen, 
leaving a ferrous and an ammonium salt : 

ei^?-hioH’«2NH4>4F€ •+H 2 1 . 

The fontmdae of Fe^ and Fe4N, which latter is formed by heating 
FcjIN to $00®, have heen omfinned X-ray analysis* 
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It has i^ecently been discovered that certain steels can be given a 
very hard surface simply by heating them to 500^ in ammonia. 
The hardness is due to a thin coating of the nitride. 

Saks of Iron * — Iron forms two series of salts, the ferrous salts, 
in which it is bivalent, and the ferric salts,, in which it is tervalent! 

Ferbous Salts. — ^The action of acids on iron always produces 
ferrous solutions, unless the acid is an oxidizing agent, or] unless 
oxidation by the air takes place. Ferrous salts are also eafefly pre- 
pared by reduction of ferric salts with iron or any other suitable 
reducing agent. They are isomoiphous with the salts of maiiy other 
bivalent metals, such as cobalt, nickel, copper, magnesium, c^ium, 
zinc, cadmium, chromium, or manganese. Their solutions are prac- 
tically colourless, and any green tinge indicates the presen(i^e of 
ferric salt. Unlike ferric hydroxide, ferrous hydroxide is a strong 
base, and ferrous solutions are scarcely hydrolysed. The carbonate, 
oxalate, sulphide, and phosphate are insoluble in addition to the 
hydroxide. The ferrous ion forms a not very stable complex 
ion (Fe.6NH8)“ with ammonia, and an exceedingly stable complex 
with cyanides — the ferrocyanide ion, Fe(CN)8"". It also forms 
complexes with many hydroxylic organic compounds. The com- 
plex ion Fe(C204)/ which the ferrous ion forms with oxalates has 
probably the chelate structure: 


CO — Ov vO—^CO 

CO 

With dimethylglyoxiine ferrous solutions produce a pink colour: 
this is a very sensitive test for the metal. 

Simple ferrous compounds are stron^y paramagnetic, but com- 
{dexes containing ferrous iron such as the ferrocyanides are dia- 
magnetic. 

Fbsiuc Salts are prepared by the action of oxidizing agents on 
iron or on ferrous salts. The hydroxide is a weak base, and the 
hydreiy^ of fcttic solutions is considerable. As ferric hydroxide 
is extremely insoluble in water, the hydrolysis is an irreversible 


{mk salt of a strong add is 50 per cent hydibly^ at a dilution 
, of, isdwut M/ioO; ferric solutioas are mudh more hydrolsreed th^ 
afaiminium aidutiims mider mnilar conditions of d^tion 
temperature. The ferric ion is colourless in solution or possibly 
vudet, but this colour is to be seen only in add solutions 
'M the salts ot the strong oxyadds, such as the sulphate, nitrate, or 
diknaie. Other solutions have the yellow or brown colour 0 
! cc^Hiddal ferric hydixndde produced hy Iqndrdysis: this colour 
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usually becomes deeper with age, but is diminished by addition of 
the strong oxyacids. In the solid state anhydrous ferric salts 
are colourless, yellow, or brown. 

Some feme salts, such as the chloride or bromide, resemble the 
corresponding compounds of aluminium in being chiefly covalent. 
The ferric ion has a very noticeable tendency to complex formation, 
which, if we exclude the ferrocyanides, is much less conspicuous 
in the ferrous ion. It does not appear to form any complex with 
ammonia, but with cyanides it produces the exceedingly stable 
ferricyanide ion, Fe(CN)e'", with fluorides the very stable ion, 
peFe'"', and also forms various stable anions with p3rrophosphates 
and orthophosphates, as well as complexes, probably chelate in 
character, with hydroxylic organic compounds such as mannite. 

The principal insoluble salts, in addition to basic salts, are the 
sulphide, orthophosphate, and arsenate. 

The Ferrous-Ferric Equilibrium.— The oxidation potential 
of the change Fe*’**-^Fe’* is 0*77 volt. Ferrous solutions can be 
oxidized by the air according to the equation: 

4Fe*’+0a+2H20=:4Fe*‘+40H', 

but at room temperature and in neutral or slightly acid solution 
the velocity of the reaction is negligible. It is probably a hetero- 
geneous reaction which takes place on the walls of the vessel, and 
it can be catalysed or * induced ' by the simultaneous atmospheric 
oxidation of arsenites, phosphites, or other reducing agents. It is 
accelerated by strong acids, and still more so by alkalis. The 
reduction of ferric solutions is also easy, and can be carried out with 
copper or any less electronegative metal, or even by shaking the 
solution with charcoal. Finely-divided iron, sulphur dioxide, 
hydrogen sulphide, and stannous chloride are other reducing agents 
frequently employed. Oxidations by ferric ions are often sensitive 
to light. 

The powerful reducing properties of ferrous salts in alkaline 
^lution — that is, of ferrous hydroxide — ^are due to the extreme 
insolubility of ferric hydroxide, whose solubility-product is lO"*®, 
as compaiied with for ferrous hydroxide. The equilibrium: 

4Fe(OH), I +0,+2Ha0^4Fe(0H)3 1 
is therefore overwhelmingly in favour of the ferric compound. The 
equilibrium between ferrous and ferric ions is also greatly modifled 
if anions are present with which ferric ions form complexes— e^. 
fluorides or phosphates. As these considerations are of ftmdamental 
Importance in the chemistry of iron, some examples will be g^ven of 
the ferrou^^Ci^ eot^brium in various media: 

^ydrogm . — In & ateimoe of a catalyst ferric solutions are 
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reduced by gaseous h3rdrogen only with extreme slowness, but in 
the pres^ce of platinum or palladium the action is fairly rapid: 

2Fe'”+H,-«Fe"4-2H\ 

Ferrous hydroxide, however, can be made to reduce water to 
hydrogen (palladium chloride catal3rst): 

2Fe{OH), j + 2 H, 0 -«Fe( 0 H), 4. +H, f • , | 

Nitrates . — Ferrous salts are not oxidized by nitrates I in cold 
neutral solution, but ferrous hydroxide will reduce nitrites to 
ammonia. 1 \ 

Iodides . — ^The standard electrode potential of iodine, +0"5i volt, 
is less than the ferric-ferrous oxidation potential, so iodide are 
almost quantitatively oxidized by ferric salts to iodine: \ 

zFe' " •+ 2l'-»-2Fe' ■ -f 1 ,. 

The reaction is used in volumetric analysis, but if fluorides are 
present no satisfactory end-point can be reached. If excess of 
P3rrophosphate is present the ferric ion concentration is reduced to 
such a degree that the reverse change takes place, and ferrous salts 
can be titrated with iodine in such solutions. 

Penmtiganates . — Oxidation of ferrous solutions with potassium 
permanganate is a well-known operation of volumetric analysis: 

5Fe“-fMn0/-|-8H-=5Fe"'-fMn”-f4H,0, 
but if hydrochloric add is present the end-point is sometimes 
unsatisfactory. It can be much improved by the addition of 
phosphoric add, which reduces the ferric ion concentration almost 
to zero. 

DickromaUs . — ^The oxidation of ferrous salts by dichromate is 
also much used in volumetric anal}rsis: 

6Fe"-fCr,0/'+i4H=6Fe--f2Cr--1.7H,0, 
especially since it has been found that diphenylamine can be u^ 
as a very sensitive internal indicator. This titration is also facili- 
tated by the addition of jfliosphoric add. 

Copper SaltSi — ^The standard dectrode potential of copper with 
reflect to cujMic ions is -f 0-34 volt, so that in neutral solution 
ferric salts are quantitativdy reduced by copper to ferrous salts: 

2Fe"-f Cu I -*^Fe”+Cu". 

However, the reverse change takes place in alkaline solution: 

aFe(OH), 4. -f Cu’ -faOH'-wFeCOH), | +Cu ^ . 
if excess of fluoride is present, forous salts wiQ reduce <Mpnc salts 
to ocq^per even in apid sdution, whfle in neutral sdution a cuprous 
salt is isodoced: 

-t' ^e”-hCu”->Fe”-fCu’. 
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Silver Sails . — ^Thc stwdard electrode potential of silver is +o*8o 
volt, close to the ferric-fenpus oxidation potential, so, as might 
be expected, the precipitation of silver from solutions of sOver 
salts by ferrous solutions reaches an equilibrium: 

Fe“+AgVFe”+Ag|. 

At room temperature the action is a slow one, and may take an 
hour or two to reach practical equilibrium. 

Organic i 4 «m«s.~The oxidation of organic anions by ferric 
solutions is usually much influenced by light. With oxalates, 
the reaction is: 2Fe-+C*0/'=2Fe"+2C0, f • 

A mixed solution of a ferric salt and oxalic acid is perfectly stable 
at room temperature in the dark, though it decomposes on boiling, 
but if exposed to light it immediately begins to give off carbon 
dioxide even in the cold; the reaction is over in a few minutes. 
A similar reaction is made use of in the preparation of ‘ blue 
prints.' The paper is soaked in a solution of the ferric salt of an 
organic acid and dried in the dark. It is then covered with a 
drawing made on transparent paper and exposed to the light. 
Washing in the dark with a solution of a ferricyanide then reveals 
the drawing in white lines on a background of prussian blue. 

Sulphides . — See ferric sulphide (p. 792). 

Carbonates. 

Feiioiu carboiiate» FeCO^, is obtained as a white precipitate from 
ferrous solutions and carbonate solutions in the absence of air. If 
a current of carbon dioxide is pa^ed through the liquid, the 
precipitate dissolves to form a bicarbonate solution. 

Ferric carbonate is unknown, but a basic carbonate can be 
precipitated from ferric solutions by carbonates. It is hydrolysed 
by boiling water into ferric hydroxide and carbon dioxide. 

Halides. 

Since the ferric-ferrous oxidation potential is 0*77 volt, and the 
standard electrode potentials of the halogens are: F 4*2*85, Cl 
+1*358, Br 4-1*065, I 4'0*535 volt, it is clear that ferric ioide 
<^not exist in solution. Indeed it is unknown either in solution 
or in the solid state. Ferric bromide is stable in cold watar but is 
de^mposed on boiling. 

^e fenons halides are prepared by the action of hydrogen halides 
on the metid in the absence of air, either in solution or in the dry 
^ate* The l^cmide or iodide cbm be made from the halogen and 
^ hot awtaL Altemativdy, the ferrous l^des may be pttiared 
by redudag tl» fesrck carefully, witii hydrogen; od too 
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strong heating the metal is obtained. The ferric halides are made 
by the action of halogens on iron or on the ferrous halides, or by 
the action of hydrogen halides on ferric hydroxide. ^ 

The ferrous halides are true salts highly ionized in solution; the 
fluoride and chloride have high melt^-points. The ferric halides 
are largely covalent. The fluoride, as is the case with other elements, 
diffeiB somewhat in character from the chloride and bromide, but 
these two compounds either have low melting-points or d44ompose 
on hedting, are partially hydrolysed by water, and dissolve ihy)rganic 
solvents: they resemble the haUdes of aluminium or chrommn. 

Ferrous fluoridey FeF^, is a colourless solid which volaMzes at 
about 1100°: it is soluble in water. 

Ferric fltu^ide> FeFj, resembles aluminium fluoride. It is \fairly 
volatile at about 1000°, and the anhydrous salt is scarcely soluble 
in water, but hydrates have been prepared that will dissolve. 
The electrical conductivity of these solutions indicates that both 
dissociation and hydrolysis are very slight. Ferric fluoride is 
converted to ferric hydroxide by moist air or steam. With fluoride 
ions the complexes FeF^'" and FeFg.HgO" are formed, and many /wo- 
ferrates containing these anions have been prepared in the solid 
state. The ferric ion concentration of fluoferrate solutions is 
insufiicient to give a red colour with thiocyanates. The fluoferrates 
of sodium and potassium are only slightly soluble in water, and 
sodium fluoferrate, NagFeF^, is obtained as a white precipitate when 
a ferric solution is mixed with a solution of sodium fluoride. 

Fenons diksidB, FeC^, whether in the solid state or in solution, 
is perfectly colourless if quite free from the ferric salt, but in the air 
the solid rapidly grows yellow and the solution green. It melts at 
a red heat and can be distilled at higher temperatures, the vapour 
density pointing to some association into double molecules; but at 
high temperatures these are completely dissociated into single 
molecules. Cryoscopic measurements in such organic liquids as 
will di^lve th^ s^t also indicate the simple formula. The 
aifliydrous salt rs very soluble in water, and readily forms hydrates 
(of u^ch the .best known is the tetrahydrate, FeCl^^^O), and 
addition-compounds with ammonia. It is also soluble in alcohol. 

Feralc FeG^, is usually made from chlorine and hot 

iron. Like aluminium cMoride, it is decomposed by moist air, so 
suitable precauticms must be taken in making it. The crystals 
of tihe anhydrous compound, whidi are daak red (almost black) with 
a grera r^ectkm, sublime at 285°, and the liquid can exist only 
ifmer more than atmospheric pressiue. The vapour ccmsfets almost 
uMttrdy of double molecules at low temperatures, but on heating, 
dittodatron into single molecules takes place, and on further 
iipig, ficnic chloride dissodates into ferrous chloride and chlorine • 
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tjiis dissociation is appreciable at 500*^. In organic solvents ferric 
chloride has the simple formula. 

The anhydrous salt is deliquescent and forms several hydrates 
whose solubility relations have already been discussed (p. 131), 
as well as various addition-compounds with ammonia. The hydro- 
lysis of the solutions has been the object of much research. If 
dilute and freshly prepared, they are almost colourless, but they 
slowly become deep yeUow or brown, while the colloidal solutions 
of ferric hydroxide obtainable with boiling water may be blocki-red. 
The electrical conductivity also increases with time. Hydrolysis 
alone is scarcely sufficient to account for these changes, as hydrolyses 
of this ionic type are nearly always rapid and indeed instantaneous 
processes. It is probable that the properties of the solution are 
also influenced by slow changes in the constitution of the colloid. 
The aqueous solutions certainly contain very few simple ferric ions, 
but all combinations of Fe“* with CT from FeCl" to FeClg are 
probably present. The clear yellow colour of solutions in hydro- 
chloric acid is due to the repression of hydrolysis and the formation 
of complex halide ions, such as FeCl4' and FeClg'". 

Ferric chloride is very soluble in many organic solvents. A 
definite distribution-ratio can be obtained for it between ether and 
concentrated hydrochloric acid, and with acid of carefully chosen 
concentration — about 6*6 molar — the ratio is so greatly in favour 
of the ether layer that ethereal extraction has been used as a method 
of removing iron compounds from mixtures with those of closely 
related elements such as cobalt. The existence of such a ratio is 
strong evidence for the imperfect dissociation of ferric chloride in^^ 
aqueous solution, and may be contrasted with the behaviour .of - 
hydrogen chloride (p. 184). 

With chlorides ferric chloride forms salts called chloroferrates, 
but as usual they are much less stable than the complex fluorides 
and the covalency of the iron may be less. The principal anions 
are FeClg' and [FeClg.HgO]"; of the anion FeClg'", corresponding 
with FeFg'", only few saJts have hitherto been prepared. 

Ferrous broiiiiae» FeBrj, is a yellow crystalline substance resem- 
bling the chloride. It may be prepared anhydrous by heating iron 
^ bromine vapour to a temperature sufficient to decompose any 
ferric bromide and cooling in carbon dioxide. 

. Ferric teomido, FeBrg, may be prepared by gently heating iron 
^ bromine vapour. On heating done, or on boiling the aqueous 
solution, it df^omposes into ferrous bromide and bromine, 

Felg, is made by union of the elements. In the 
presence of water, the reaction takes place in the cold with the 
development heat. The anhydrous sdt is a grey solid melting 
^ 77 °; it is deliquescent and soluble in water. Atmospheric 
2C 
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t>xidatioii of the solutions leads to the separation of iodine as 
ferric iodide cannot exist in solution. ' 

SotPHiims. 

Wmmm sulidiide, FeS, is obtained by precipitating ferrous 
solutions with sulphides, such as ammonium sulphide, in alkaline 
solution. In neutral solution precipitation is incomplete,, and in 
add solution no predpitation takes place. The hydbrated iulphide 
obtained in this way is a black substance. The anhydrous'^Ubsfance 
is easily obtained by union of the elements at a red heat, or by heating 
iron in a current of hydrogen sulphide. It is a bluish-black suktance 
with a high melting-point, but when heated in the air it Readily 
forms ferrous sulphate, which decomposes on stronger heating. 

The decomposition of ferrous sulphide by acids is often u^d, in 
Kipp's apparatus or otherwise, for the preparation of hydrogen 
^i&hide, but if natural ferrous sulphide is used the gas obtained 
is 6r from pure. 

Itexie 8ldphide» Fe^Ss. — Ferric ions can oxidize sulphide ions to 
sulphur: 2 Fe"+S'V 2 Fe"+S | , 

and ferric sulphide can be precipitated only from alkaline solutions, 
in which its solubility is too small for this change to take place. 
Thus the addition of a small quantity of ammonium sulphide 
solution to a solution of a ferric salt causes the precipitation of a 
mixture of ferrous sulj^de and sulphur: 

2Fe"’-4-3S"-^FeS j -fS | , 

!)^hut if a little ferric salt is added to excess of ammonium sulphide 
sSlution, ferric sulphide is precipitated: 

2Fe’“-|-3S"->Fe^8 \ . 

It is best prepared by passing hydrogen sulphide through a suspen- 
rion of ferric %droxide in water, since such a solution cannot become 
acid. Foric sidphide is a black substance decomposed by acids 
into a feiTOUs salt, sulphur, and hydrogen sulphide: 

^ FeA+4H‘«2Fe >S | f . 

The fact ths^femc sulphide, but not aluminium sulphide, c^ under 
4xri;ain wcmnstances oe precipitated from aqueous solution may 
p^haps be attributed to the tower solubility of the former. 

MetadBc ores, such as chakopyrite, CuF^, ot mispickd, FeAsb» 
ccmtaiiui^ iron and sulphur in conjunction iritb other metals, are 
verv widescxead in nature. i 

Iw FeS„ occurs in nature aa ^ importMt and 

alwadaAi mineral iron j&yrjtes. Jfr can be obtffued aimfiaaiiy y 
bcifag fmata snlidiiile aritfa suli^ua', and by 
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It is a yellow substance, insoluble in water, which on strong beating 
in the absence of air decomposes into ferrous sulphide and sulphur, 
and is to be regarded as a polysidphide. The roasting of iron 
pyrites was ror many years the commonest commercial method 
for the preparation of s^phur dioxide for sulphuric add manu- 
facture. Atmospheric oxidation of pyrites in the presence of mois- 
ture leads to the formation of ferrous sulphate and sulphuric acid: 

- 2FeSj-|-2H,0+70t=2Fe**+4H-+4S04". 
and this is the origin of the ferrous sulphate often to be found in 
the drainage water of coal mines. 

Sulphates. 

Ferrous salj^te, FeSO^, is prepared on the large scale from 
pyrites. The solution obtained by atmospheric oxidation is 
treated with old iron, which not only forms ferrous sulphate with 
the sulphuric acid, but also precipitates in the metallic form any 
copper which may be present as cupric salt* The product obtained 
by crystallizing the solution is not pure, and pure ferrous sulphate 
is prepared from pure iron and dilute sulphuric acid. Crystalliza- 
tion at room temperature yields crystals of the heptahydrate 
FeS04.7Hj0, formerly known as * green vitriol' The anhydrous 
salt can be prepared by carefully heating the heptahydrate in the 
absence of air, but some basic salt may be formed at the same time. 
Anhydrous ferrous sulphate is a colourless substance which when 
strongly heated decomposes into ferric oxide, sulphur dioxide, and 
sulphur trioxide: 

aFeSO^^FeA+SOj t +SO3 f . 

Fuming sulphuric acid was for many years prepared by the dis- 
tillation of green vitriol, especially at Nordhausen (Germany), 
whence the name ' Nordhausen acid.' 

Ferrous sulphate is soluble in water. The solutions are oxidized 
by the air, but the rate of oxidation can be much reduced by the 
addition of dilute sulphuric acid, which prevents the formation 
of colloidal ferric hydroxide. Even the slight acidity of an ammo- 
nium salt .soluti<m is sufficient for the purpose, and consequ^tly 
the double salt ferrous ammonium sulphate, FeS04.(NH4)2S04.6jtJ|0, 
is nearly alwa5rs preferred to ferrous sulphate for the 
operations in i^ririch ferrous sulphate is often used as a reducing 
Ferrous solutions have the property of ab^bing nifefe 

oxide. The solutkms are teown, and since at saturation one mole- 
cule of nitric oxide is present per molecule of ferrous suljdiatei it 
^ reasonal^ to sutmose that a compound, FeSO4.NO, is present, 
or more p^i^y fen, (Ife.NO)", rince other ferrous solatfams 
have the This view has been confirmed by the 



7 ^ THEORETICAL AND INORGANIC CHEMISTRY 

isolation of such a compound by adding concentrated sulphuric 
acid to the solution, when it appears in red crystals, which lasih 
decompose. The production of this brown solution is the basis o1 
the brown ring test for nitrates or nitric acid. The suspected 
solution^ is mixed with ferrous sulphate solution in a tube, and 
concentrated sulphuric acid is carefully poured down the side sc 
as to form a separate lower layer. Heat is developed at the surface 
of separation, and in the hot strongly acid solution the |^ous 
sulphate reduces the nitric acid to nitric oxide, which dissolves tc 
form a brown ring. \ 

Ferrous ammonium sulphate, FeS04.(NH4)aS04.6H20, is a bale 
green salt obtained by cooling mixed saturated solutions of ferrpus 
and ammonium sulphates. Many other double sulphates containing 
ferrous iron are known. 

Feziic sulphate, Fe2(S04)3, is prepared by carefully heating ferrous 
sulphate in the air, or more easily by boiling it with concentrated 
sulphuric acid: 

2Fe'*+4H‘+S04"=2Fe” -f SOa t + 2 H 2 O. 

The anhydrous salt obtained in this way is a colourless solid which 
when strongly heated yields ferric oxide and sulphur trioxide, 
which is itself partly decomposed into sulphur dioxide and oxygen. 
It is soluble in water, and from the solution a number of hydrates 
can be obtained, such as the violet enneahydrate Fea(S04)3.9H20, 
but evaporation at high temperatures leads to the separation ol 
acid and basic salts. Ferric sulphate readily forms alums in which 
the aluminium is replaced by ferric iron, e.g. ferric ammonium 
sulphate, * ferric alum,' Fe2fS04)8.(NH4)2S04.24H/). Solutions ol 
this substance are strongly hydrolysed, and if highly diluted deposit 
precipitates. 

Nitrates. 

Ferrous nitrate, Fe(N03)2.6H20. — Since nitrates oxidize ferrous 
salts oil boiling, even in neutral solution, the preparation of ferrous 
nitrate requires considerable care, and the anhydrous salt has never 
been obtained. It is present in the solution prepared by dissolvmg 
in very dilute nitric acid, and it has^also t^en prepared in 
Elution by the double decomposition of lead nitrate and ferrous 
sulphate in dlluto alcohol. Ry mtering this solution and evaporating 
it in the cold it is possible to obtain ferrous nitrate bexahydrate. 
It is very soluble in water, but is decomposed above 60^ with the 
]^cipitatiozi of ferric hydroxide. 

Sterie alteate. Fe^NO^),, can be obtained in hydrated fom by 
ilS^Ivihg iron in nitric acid sufficiently concentre^ to avoid the 
vteteatioxi of ferrous nitrate, but not so concentrated as to render 
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the metal passive. A dark red solution is obtained, from which 
concentrated ‘ nitric acid precipitates the hydrated salt. The 
anhydrous compound is unknown. If perfectly pure, ferric nitrate 
is colourless, but as usually obtained it is pale violet. 

Phos?hates. 

Ferrous orthophosphate, Fea(PO 4)2.81120, is a colourless substance 
nearly insoluble in water and precipitated from ferrous solutions 
by phosphates under carefully controlled conditions of acidity. 

Feme orthophosphate, FePOi.aHjO, is a pale yellow substance 
obtained from ferric solutions in a similar way, or by dissolving 
iron in concentrated phosphoric acid and oxidizing the resulting 
solution in the air. It is practically insoluble in water but is 
hydrolysed by boiling water. 

Carbonyls. — Iron forms three compounds with carbon monoxide. 

Iron pentacarhonyl, Fe{CO)fi, is prepared by the action of carbon 
monoxide on finely-divided iron. It is a pale yellow liquid, freezing 
at —20® and boiling at 103®; on stronger heating it is decomposed 
into iron and carbon monoxide. The vapour density and the 
freezing-point of benzene solutions both point to the simplest 
molecular weight. The action of halogens X2 produces compounds 
Fe(CO)4X2, which are covalent like the parent carbonyl, but are 
completely decomposed by water into ferrous salt and carbon mon- 
oxide. In sunlight the pentacarbonyl decomposes: 

2Fe(CO)5-Fe2(CO)2+COt. 

Iron enneacarbonyl, Fe2(CO)2, formed in this reaction is an 
orange-coloured crystalline solid, which, unlike the pentacarbonyl, 
is insoluble in benzene or ether, and can be isolated from it with 
the help of these solvents. It decomposes on warming to about 

100“ or over: 2Fe,(CO),=3Fe(CO), f +3CO t +Fe, 

but at lower temperatures, and in the presence of suitable solvents, 
such as toluene, green solutions of iron tetracarbonyl, Fe(CO)4, are 
obtained. This is a green crystalline substance which at 150° 
decomposesjnto iron and carbon monoxide. The molecular weight 
corresponds with the formula [Fe(CO)4]3. 

Complex Iron Cyanides. 

Iron forms Complex anions of great stability with six cyanide groups 
per iron atom. The ferrous derivatives are called ferrocyamdes tmd 
contain the anion Fc(CN)4"", the ferric derivatives, ox fenicyamdn, 
contain the ankm Fe(CN)*'". The ferrocyanides must exceed dbe 
ferrie pni^ in stability, since the ferricyanide-feiToq^anide oxida' 
tion potential is slightly greater than the ferrio‘ferroas oxidaticai' 
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potential* Ferricyanides will oxidize ferrous salts to ferric salts, so 
that ferric ferrocyanide is produced either by adding a ferric salt to 
a ferrocyanide or a ferrous salt to a ferricyanide: 

Fe(CN)e'"+Fe-->Fe(CN)e""+Fe’-‘. 

Moreover, ferricyanides will partially oxidize hydrochloric acid to 
chlorine: 

2Fe(CN)e'"+2Cr;?^2Fe(CN)e""+Cl2 f , 
whereas ferric ions will not liberate chlorine from chloride so|iitions. 

Like many other oxidation-reduction systems, that of ferricyanide- 
ferrocyanide is markedly influenced by the hydrogen ion conc^tra- 
tion of the solution containing the system: indeed a change from 
acidity to alkalinity reverses the character of the system from 
reducing to oxidizing powers. In alkaline solution the oxidizing 
action of f€rric 5 ranide is shown in the equation : 

2Fe(CN)e'"-l-20H'-^2Fe(CN)e""+H20+0. 

Alkaline solutions of ferricyanides will liberate oxygen on boiling, 
whereas in acid solution the change is reversed, and acid ferrocyanide 
solutions are oxidized by the air. 

— ^Many ferrocyanides are insoluble in water, but 
those of the alkali- or alkaline-earth metals are not. The soluble 
ferrocyanides can be prepared in solution by adding ferrous salts 
to cyanides: 

Fe+6CN'-^Fe{CNV'", 

while the insoluble ferrocyanides are usually prepared by precipita- 
tion from solutions of potassium ferrocyanide. In many insoluble 
cyanides, e.g. silver cyanide, and in prussian blue lx)th atoms of 
cyanide ion act as donors: in ferro- and ferricyanides carbon is 
due donor atom. 

Poiastium ferrocyanide, K4Fe(CN)e.3H20, ' yellow prussiate of 
potash,' is obtained in the laboratory as described or by dissolving 
iron in cyanide solutions. It is obtained on the large scale as a 
by-product in the purification of coal-gas. The crude gas contains 
hyw^en cyan^e and some ammonia, from which it is freed, in 
om process, passage through a soluticm of ferrous sulphate. 
Potassium ferrocyanide can be obtained feom the resulting solution 
by bofling it with lime and adding potassium carbonate, which 
freci|ntates the calcium as carbonate. It can be purified by 
podpitating the saturated aqu^us sdution with alcohd. 

It IS a yelioW' cxystafline substance sdiuble in water, and 
^hydrated by heathy; the anhydrous salt is cotourless. V 
CTuntdc, it is non-poisoncms. If strongly heated m 
eb&eoxxi of arr it jdeUb potassium cyanide, cyanogen, and iron : 
igFe(pi)««4KCN+C^i t +Fe, 
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With dilute acids hydrogen cyanide is obtained: 

Fe(CN),''"+ 6 H*= 6 HCN \ +Fe *. 

but with concentrated sulphuric acid, to which a little water may be 
added with advantage, pure carbon monoxide is liberated on heating : 

Fe(CN)e'"'+i2H'+6H20=Fe*’+6NH;+6C0 f . 

With ferrcwis solutions, potassium ferrocyanide produces a white 
precipitate of potassium ferrous ferrocyanide, K,Fe[Fe(CN)e], easily 
oxidized by the air, and with ferric solutions a precipitate, or in 
very dilute solutions a blue colloidal solution, of * prussian blue,' 
KFe2(CN)e.Aq. Turnbull's blue is produced from potassium 
ferricyani^ solutions by addition of solutions of ferrous salts. 
Ferrocyanides are easily oxidized to ferricyanides by chlorine, 
permanganates, and other oxidizing agents, and some of these 
actions are made use of in volumetric analysis. 

Ferrocyanic Mid, H4Fe(CN)e, is obtained as a colourless precipi- 
tate by the action of concentrated hydrochloric acid on a saturated 
solution of potassium ferrocyanide. It is soluble in water, and 
the solution is strongly acid. When boiled it decomposes into 
hydrogen cyanide and ferrous cyanide, and the same change takes 
place when the solid is dried and heated in the absence of air. Solu- 
tions of ferrocyanic acid, or the solid substance, are easily oxidized 
by the air. 

Prussian blue and Turnbull's blue, which are insoluble, and the 
so-called * soluble ' blue all have essentially the same composition, 
K[Fe2(CN)J, but contain differing amounts of hydrate water. The 
anion [Fe2(CN)J' owes its existence to the fact that cyanide ion 
can develop two, collinear co-ordinate links (-<-CN -►) . Each cyanide 
is common to two structural units, in each of which an iron atom is 
surrounded octahedrally by six cyanide groups, but in one set the 
linkages are of the type Fe-<-CN and in the other Fe-<-NC. Since 
every CN provides two links, and every atom of iron receives six, 
the composition of the anion is expired. In the unit-cell an 
iron atom is found at each of the comers of a cube, and a CN group 
along each^ edge. As this structure is proliferated to give the 
(macromolecular) structure of the actusd solid, potassium km 
necessary for electro-neutrality are placed in alternate cubes. 
Iron atoms are formally present in equal numbers in the ferrous 
and ferric states^, and the characteristic colour is caused % the 
intercha^ability rf these states. " ; 

^'enieyiuides.-~Po^ ferricymide, K3Fe(CN)e, ' red prussiat^ 
potash,^ h prepaied by oxidizing potassium ferrocyanide in sdlu^ 
tion, us^y wim <Morme: ; ' 

aFe(CN)e''"+Cl,-->2Fe(€NV''+2d^^ 
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In boiHng solution the reaction is reversible. The product is freed 
from potassium chloride by recrystallization, and is a red solid which 
dissolves in water to form a yeUow solution. Ferricyanide solutions 
are slightly hydrolysed and may precipitate ferric hydroxide, 
particularly if they are exposed to the light. They are mild 
oxidizing agents which will oxidize iodides, bromides, and to some 
extent chlorides to the element and hydrogen sulphide to sulphur. 
With hydrogen peroxide in alkaline solution (p. 341) Jnutual 
reduction takes place according to the equation: \ 

2Fe(CN)e'" +H20^=2Fe(CN)e"" +2H* + 0 ^ t • \ 

Ferricyanic acid, H3Fe(CN)e, is prepared in solution from hydro- 
chloric add and silver ferricyanide, or as a brown solid by' the 
evaporation of this solution at room temperature. 

I^nic thiocyanate. Fe{CNS)3.3H20. — ^The addition of soluble 
thiocyanates to ferric solutions, which if dilute are usually acidified 
to avoid hydrolysis, produces a red colour so intense that it is the 
most sensitive known test for ferric iron. Ferric thiocyanate is 
very soluble in ether, and can be extracted from its aqueous solutions 
with this solvent. The ethereal solution is deep red, and shaking 
with ether intensifies the delicacy of the thiocyanate test for iron. 
By evaporating the solvent deep red crystals of composition 
Fe(CNS)3.3H20 have been obtained, but their constitution, which 
might be represented as Fe[Fe(CNS)0], has not yet been ascertained- 


Cobalt and Nickel 

Co=58*94; atomic number, 27 Ni=58*7i; atomic number, 28 

History. — (a) Cobalt. — ^Though the name kibaltu, applied to a 
certain mineri, has been found in Assyrian glass-making recipes 
of the seventh century B.C., it is as yet uncertain whether the word 
is etymologically affiliated to cobalt. It is true that cobalt ores were 
used l^y the Assyrians and Egyptians in preparing blue glass and 
faience, but the name ‘ cobalt ' is usually supposed to be derived 
fcom the German Kohold, an evil sprite. These sprites or gnomes 
lived in the copper mines in the Harz Moimtains, and took pleasure 
jn exposing ores that looked like copper ores but on roasting gave 
m unpleasant smell and no copper. These false ores were called 
|tc*old ores or cobalt ores. Bkandt (1735) showed that cobalt ore 
contained a new metal, the properties of which were afterwards 
imre ftdly mvestigated by BJergmank (1780). 

(J) Nicnat.— ^ further ore, dec^tivdy like copper was 
by the unfortunate German miners as Ki^fefnkkel, i.e. 
. copper.* From Ibis ore KaoNSTEnr (1751) obtained metallic 



GROUP VIII 799 

nickel; it was, however, again Bergmann (1774) who first accurately 
described the metal and certain of its compounds* 

Oceun^oe and Extraction. — Cohalt is much less abundant than 
iron. The principal ores are in Cobalt District, Ontario, Canada, 
where arsenides and mixed arsenides and sulphides of the metal are 
mined. SmaUiie, CoAs,,, is also foimd in Germany, and cohaltite, 
CoAsS, in Sweden. Cobalt is always associated with nickel in its 
ores, and often with silver. 

The process of extraction adopted in Canada is briefly as follows. 
The ore is crushed, finely ground, and smelted in a blast furnace 
with the addition of sand and limestone for flux. At the end of this 
operation some crude silver has separated, and this is removed and 
refined. The product is mixed with common salt and roasted, 
and is then cooled and extracted with water, the cobalt, copper, 
and some nickel passing into solution as chlorides. The copper is 
precipitated with iron scrap, and the cobalt and nickel separated as 
hydroxides by the addition of caustic soda. The precipitate is 
washed, dissolved in hydrochloric acid, and treated with calcium 
carbonate to remove any iron or silica. The filtrate is then treated 
with bleaching powder, which precipitates nearly all the cobalt as 
the hydrated sesquioxide, leaving nearly all the nickel in solution. 
From this oxide the metal can be prepared by various methods; 
either by heating with charcoal, or by Goldschmidt's process, or 
by reduction with hydrogen, or electrolytically. 

In the laboratory the preparation of pure cohalt or cobalt com- 
pounds presents some difficulty. Reliable methods are available 
for the removal of nickel — e.g. the dimethylglyoxime precipitation 
—but the last traces of iron are hard to get rid of. Commercial 
samples of cobalt salts all contain iron, sometimes in quite large 
proportions. The process generally recommended is to prepare 
chloropentammino cobalt cWoride, [CoCLsNHjJClj, to purify it by 
precipitating the ammoniacal solution severd times with pure 
hydrochloric acid, and then to use it as a source of pure cobalt 
compounds. 

Nickel is more abundant than cobalt, but much less so than iron. 
The most important sources of nickel are in Ontario, where it occurs 
in sulphides and arsenides associated with copper pyrites: and the 
deposits of garnierite, a mixed silicate of magnesium and nickel 
mined in New Caledonia, are also of commercid importance. 

The extraction of nickel from its ores is a somewhat con^licated 
process which varies according to the nature of the ore. Duriw 
the greater part of the nineteenth century no economicd lUethod m 
extraction had been discovered, and consequently nickel wa$ Bttte 
used. The discovery of the volatile compound nickel carbonyl^ ; 
Ni(CO)4, ^ 189^ suggests a method of separation which i$ now 
♦ac 
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wodced oa a veiy laif e scale, and to which the modem industrial 
importance of the metal is due. 

The Canadian ores are first roasted in the open, then mixed with 
idag from the converter and smelted in a blast f^ace. The product 
is then transferred to a Bessemer converter similar to that used in 
steel manufacture, mixed with a flux, and oxidized in an air-blast. 
This process removes most of the iron , as silicate, and leaves a 
mixture of nickel and copper sulphides which is sent to the n^ery 
for forther treatment. A large proportion of the world’s production 
of luckel is made by the Mond carlwnyl process originally iiMalled 
at Swansea in South Wales. < 'i 

At the refinery the sulphides are first roasted to oxides, and ^hese 
are th^ treated with hot dilute sulphuric acid, which dissolves, out 
nearly all the cupric oxide while leaving nearly all the nickel oxide. 
The product of this process is an important source of copper. The 
undissolved oxides are reduced to the metal by producer-gas, and 
the metal is then heated to about 6o® in an atmosphere of carbon 
monoxide. The nickel carbonyl produced is passed into a chamber 
filled with moving nickel shot and kept at 200®. At this tempera- 
ture it is decomposed into nickel and carbon monoxide: the nickel 
is deposited on the shot as metal of at least 99*8 per cent purity, and 
the gas is used again. After the cmde metal obtained by reduction 
has twice been through the carbon monoxide process, the residues 
are worked up for the metals of the platinum group. Nickel can also 
be refined electrol}riically, and in this way can easily be freed from iron. 

In the laboratory pure nickel compounds can be obtained from 
hexammino nickel bromide, {Ni.bNH^lBrs. 

Haes. — Nickd was put to commercial use mjany years before 
cobalt, and, chiefly on account of its lower cost, is still of much 
grater piratical importance. Nickel and its alloys are hard and 
resist corrosion or oxidation, and nickel is used on a large scale for 
dectroplating, ot as an impervious electroplated foundation for 
chnanium platim. This is usually carried out in hot ammoniacal 
Saturn, in whidi the nickel is present as a complex ion. The 
tn^t' parts of ^otor cars and bicycles are often nidcel-plated. 
CM the alk>3rs of^ nickel, nickel steels absorb more than half the 
total prmioctkin of the metal. Of the Sped^ ailosrs, in/oar con- 
taitis about 3$ pra* cent of nickel, with'« little manganese and 
carbcm, and tlte rest iron. It has an exceedu^y smaU coefficient of 
expansion, takes a high polish, and is very redstant to conrorion; it is 
thtfefore much used in watches, docks, md othw iq>paratos of the 
WbAh l%[(^^hasahi|^propotti(mofnickd,aboat 46 ptf ce^ 

«Qd a confident of e]^>ansion equal to that 8oda>l^lass, so it is used 

ja a substitute for platinmn for sealing into gbss. Nichrome 
ena^lins 60 per cent ofnklwl, 14 per orat of cfaimraom, and the rest 



GROUP Vill 801 

iron, and is used ^ resistance wire and for electrical heating; its 
advant^es being its high specific resistance, high melting-^point, 
and resistance to oxidation or chemical attack. Of the alloys with 
copper, that containing 25 per cent of nickel and 75 per cent of 
copper is used in coinage in the United States and in Europe, and 
that containing 40 per cent of nickel and 60 per cent of copper is 
called constanian and is used in thermo-couples. Monel meiid, 
which contains 60 per cent of nickel and 35 per cent of copper, with 
some iron, is very resistant to corrosion and is used in chemical 
plant: it is prepared directly from ores of nickel and copper. 
Finally, German silver ^ used in plate and for ornaments, is an alloy 
of copper, nickel, and zinc which may contain copper 55 per cent, 
nickel 25 per cent, zinc 20 per cent. 

Nickel crucibles are used in the laboratory for alkaline fusions, 
but are inferior to silver crucibles for this purpose: nickel spatulas 
are also popular. Nickel is also used in the Edison accumulator. 

Cobalt is principally used in the cobalt steels, suitable for high-- 
speed cutting tools. The addition of cobalt to steel greatly 
increases the magnetic retentivity. Since cobalt is harder than 
nickel, cobalt-plating can be made thinner than nickel-plating 
without loss of protection, and the nickel of nichrome can also be 
advantageously replaced by cobalt. An alloy of cobalt and 
chromium is used as a constituent of 'stainless steel.' Cobalt 
oxide gjves a fine blue colour to glass and porcelain, and small 
quantities are used for this purpose. 

Propertids. — Cobalt and nickel are silver-white magnetic metal^ 
of density about 8*8, but the cast metals are less dense. Cobalt is 
noticeably brighter than nickel. In the massive form they are 
both resistant to oxidation, but the finely-divided metals obtained 
by reducing the monoxide at a low temperature, e.g. 200®, in 
hydrogen are p5n’ophoric. Even in the massive form the metala 
can be superficially oxidized by strong heating in air or oxygen. 
They are hard, but malleable and ductfle. 

The standard electrode potentials of both cobalt and nidcd are 
between —0*277 —0*230 volt. This means that the metals are 

not attacked by water and only slowly by dilute acids, but they will 
d^mpose steam at a red heat. In concentrated nitric acid they 
di^lay passivity. 

Cobalt and nickel resemble iron in appearance, density. Hinting- 
point, and in t|ie possession of magnetic properties, but have 
greatly mfmor resistance to corrosion and are also much less 
abimdant. The bivalent compounds of the three elements show 
considers^ reateblance to each other, as will appear from the 
account given in the following pages, and a further link is afiorded 
by the carbcmyls of all these element 
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Finely-divided nickel, usually prepared by reducing the monoxide 
at a low temperature with hydrogen, has long been used in the 
laboratory as a catalytic agent in the hydrogenation of gases: 
thus the oxides of carbon, when mixed with hydrogen and passed 
over hot catalytic nickel, are converted to. methane and water. 
Among the earliest investigators in this field were Sabatier and 
Senderens. In more recent years the process has been fpplied 
on a manufacturing scale to the hardening of fats. Thus wfia^e-oil, 
even when deodorized, is a liquid in itself of little value, but When 
mixed with nickel and exposed to hydrogen under pressure it 
takes up the gas and forms *a fat, solid at ordinary temperatures, 
which can be used in the manufacture of soap— though its advan- 
tages for this purpose are chiefly confined to its low cost. The 
nickel is recovered, purified, and used again. 

COMPOUNDS OF COBALT AND NICKEL.— The chemistry of 
these elements resembles that of iron, but, if their complex derivatives 
are excluded, is less complicated, since the tervalent state so 
important in the study of the iron compounds is inconspicuous 
with cobalt and almost absent with nickel, which is incapable of 
forming a tervalent cation. Consequently the stability of the 
bivalent state increases from iron to nickel, and the oxidation 
potential Co’‘’->^Co*‘ is 1*82 volts, a very high value as compared 
with 077 volt for Fe“*~>Fe“. In the numerous and often very 
stable cobaltic complexes, the metal is, however, tervalent. 

The bivalent cations of cobalt and nickel, in the presence of 
excess of water, are red and green respectively. 

Oxides and Hydroxides. — In addition to the oxides and 
hy^oxides in which the elements are bivalent, ‘both cobalt and 
nickel form higher oxides, though the identity and properties of 
scane of them are uncertain. Cobalt forms compounds CogOg-HaO 
and CO0O4, nickel probably only NiaOg. 

Cfobaltom hydradde* Co(OH)2, is a blue precipitate obtained by 
the addition of caustic alkalis to cobaltous solutions. It turns 
pink qn boiling, and a pink solid is directly obtained by adding 
cobaltous solutiote to aqueous alkali. Without colour change each 
precipitate gives the hydroxide Co(OH)2 on c^ing. The blue 
hydhoxide is readily oxidized if exposed to^the air, and then turns 
brown. It is not quite insoluble in water; the solubility is about 

^ per Htre at 20®. It will dissolve in concentrated 

ainmonia (though less readily than nickelous hydroxide) to form a 
tXHtnplex cation, and the ammoniacal sedations ate easily oxidized 
Ijy me air to iomx cobaltammines in which the metal is tervalent. 

1 ^^ 0xite» CoO, is obtained |by heating the hy^^oxide or 
carbonate in an inert ijtmosphete, or by careful reducti<stti^f^;tp 
sesquioxide in hydrogen at not too high a temperature. It is a 
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grey solid w^hich on heating in the air forms tricobalt tetroxide, 
CO3O4, and is reduced to the metal by strong heating in h37dmgen. 
Both oxide and hydroxide dissolve in acids. 

Tricobalt tetrcK^e, C08O4, is a black solid which, unlike the 
corresponding oxide of iron, is not magnetic. It is obtained by 
heating other oxide of cobalt in the air, or by strongly heating 
cobaltous nitrate. It is an oxidizing agent which liberates chlorine 
from hydrochloric acid. 

Cobalt seaquioidde, Co^O^, exists only as the monohydrate, a black 
substance obtained by heating cobaltous nitrate very gently. When 
heated in the air it yields tricobalt tetroxide. 

Cobaltic compounds. — ^The hydrated sesquioxide is the only stable 
simple cobaltic compound. Cobaltic alum, (NH4)Co(S04)2.i2H80, 
can be prepared as blue crystals by anodic oxidation of cobaltous 
sulphate, with subsequent addition at 0° of excess of ammonium 
sulphate. Since the oxidation potential Co’*’->Co’* is 1*82 volts, 
cobaltic solutions are very powerful oxidizing agents. They decom- 
pose on gentle warming, liberating either oxygen or an oxidation 
product of the anions present — e.g. chlorine from chloride. It is a 
remarkable testimony to the stabilizing effect of co-ordination that 
while cobaltows complexes are rather unstable, those of ter- 
valent cobalt are perhaps more stable than any other group of 
complex substances: for example, cold concentrated sulphuric 
acid does not remove ammonia from hexammino-cobaltic chloride, 
Co(NH3)eCl3. 

Nickdous hydroxide, Ni{OH)2, is an apple-green precipitate 
obtained by adding caustic alkalis to nickel solutions. It is rather 
more soluble than cobaltous hydroxide in water (about 13 milli- 
grams per litre at 20®) and differs from it in being freely soluble in 
ammonia, to form the blue nickel-ammonia complex ion, though it 
is precipitated from the solution on boiling. It is stable in the 
air. 

Nickdous oxide, NiO, is prepared by heating the hydroxide or 
the carbonate, or by heating the metal in steam to a red heat. It 
is a green solid which grows yellow on heating, easily soluble in 
acids, and easily reduced by heating in hydrogen. 

Nickel eesilirioxide is not known with certainty. The black 
substance obtained by adding alkaline hypochlorites to nickelom 
solutions is believed to be a hydrate Ni203.H20, and a similar 
product qan be obtained by heating nickelous nitrate very gently^ 
or by bubbling chlorine through a suspension of nickel hydi6xi^« 
It is an oytdi?:ing agent which with acids liberates oxygoi or 
oxidation-product of ihe add. When this hydrate is carefully, 
heated in vacuo at about 140® it steadily loses both oxygen and 
Water until the composition reaches that of NiO. It has heen 
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su^^ted that an oxide of composition NiO^ may be {nesmt in the 
oxidized piedpitate but no confinned eyidence for this h^ been 
produced. 

Casbokatbs. — ^The addition of carbonates to cobaltous or nickelous 
scduticms i»«cipitates basic carbonates, but hydrated normal car- 
bonates ate obtained if a solution of sodium hydrogen carbonate 
is used as the precipitant. Cobaltous carbonaite is pink, nicl^elous 
carbonate green. j | 

Haudes. — ^The cobaltous and nickelous halides may be preyed 
the usual methods, though the attack of the halogens, other jhan 
fluorine, on nickel and cobalt is vigorous only if the metal is f ’ 
divided and heated. The compounds are salt-like and have 
OT fairly high melting-imints. The hydrates can be prepared: by 
evaporation of the solutions in the air, but on further heating thW 
y^d basic salts unless the air is replaced by the hydrogen halide: 
this applies even to the fluorides. The cobaltous halides show 
greatw evidence of covalency than the nickelous halides; cobaltous 
diloride, for example, is soluble in ether, but nickelous chloride is 
not, and cobaltous chloride also appears to be the more volatile, 
and in its solutions to be the more inclined to the formation of 
complex ions and undissociated molecules. The chlorides of iron, 
nickel, and cobalt are all soluble in alcohol. 

All the halides are soluble in water, though the anhydrous fluorides 
are only slightly soluble. They all form hydrates. 

Co b altous fliraride, CoF|, is a red substance which can be prepared 
uihydrous by heating cobaltous ammonium fluoride, CoF^zNH^F, 
in the absence of air. This double salt is prepared by fusing 
anhydrous cobaltous chloride with excess of ammonium fluoride. 
C<fl:^tous fluoride melts at izoo^-isoo** and can be boiled at 
about 1400**. The dihydrate CoF|. 2 H, 0 , soluble in water and 
toepared by the usual methods, is decomposed by boiling water to 
lornfaba^salt. 


Ootattow eidoij^ CoQi, is prepared anhydrous by heating the 
hexahydrate in a current of hydrogen chloride. It can be freed 
flmn kto volatii^^impmities, but not frcan the dhkuides of iron or 
nickel, by subliniing it in a strong currsat of hydrt^rai chloride or 
«^hloiine (the l^hest temperatwe of a s^bumer is required). 
Tim product avidly absorbs water, by wmch it is hydr(d]rsed at 
isaigwatores above zoo" or so. At room temperature the stable 
foatHthe red hmcahydrate CoClt.flH(0. whidh gmtiy heated 
3 iee^ the fhk G)C],.2H(0, then the violet CoQa.|ltO, and 
lir' dbout X20*, the l^riig^t blue anfaydrout ialt, Vdudh will, 
ht^mibr, be contaminated with oxide unless the final heating has 
been canied out in hydrogen chlmade* 

.Anhydrow cobaltous^. boride dismlves in alcohol, etMr, and 
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some other organic solvents to form blue solutions. Cryos^I^ 
measurements on these indicate the existence of double molecules 
at low temperatures, dissociated into single molecules on heating. 
The colour of the aqueous solutions has received much attention. 
These may be either red, blue, or any intermediate shade of purple, 
the blue colour being favoured by high concentration, high tempera- 
ture, and the presence of free hydrochloric add. Attempts to 
account for these changes fall into two groups: accordii^ to one 
view the red cobalt ion is more hydrated than the blue one — ^the 
formulae Co. 6 H, 0 " (red) and G). 4 H, 0 “ (blue) have been su^iested 
—and accon^g to the other the hydrateu cobalt ion is red, and the 
blue colour is due to either undissociated molecules, or, more pro- 
bably, to complex ions which may be C0CI4". The observed facts 
are too complex to be accounted for by either of these theories 
alone: they are probably both correct. The colour-changes have 
been used in sympathetic inks— dilute solutions of cobalt diloride, 
pink and invisible in the cold, but blue on heating — and in toys 
containing strips of paper pink in wet weather but blue in dry 
weather. 

Oobattoos brainide» CoBr^. — Numerous hydrates of this salt have 
been prepared, among them the reddish-purple Co6r|.6H|0 and 
the bluish-purple CoBr(. 2 H, 0 . The anhydrous salt, obtained at 
130°, is bright green. The molecular weight of anhydrous cobaltous 
bromide in organic solvents corresponds with the simple formula 
CoBrj. 

Cotaltoos iodide, Colg, is a black substance obtained by union of 
the elements, or in solution by the action of water and iodine on 
cobalt TOwder. Hie hexahydrate CoI,. 6 H ,0 is dark red and so are 
the cold dilute solutions, but the hot solutions are green. 

Oobaltic halides. — The oxidation - potential of the change 
Co"'-»Oo", I ’82 volts, exceeds the standard electrode potentials 
of all the halogens except fluorine, so only the fluoride can be 
prmared. 

Oohattio CoF,, is obtained by union of the elements, or 

by electrolytic oxidation of solutions of cobaltous fluoride in too- 
centrated aqueous hydrogen fluoride, as a green powder deporited 
at the anode.. Water decomposes it to form cobaltic hydro]^, 
whidi, Tilf* ferric hydroxide, appears to be a weak base, bat it ia 
soluble in concentrated sulphuric add to form a brown Uqnid 
which deemnpo^ on warming. On heating, it gives oobattotn 
fluoT^ ai44uc^e. 

Unmade, NiF,, is prepared by the method toed .iot 
cobaltous fluoride; it is a yellow substance with a high mdtii:^ 
point. hyttotes soluble in water have be«i pr^ated. 

NiCl,, Is y^QW when aidiydrous, htri this 
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well-known bexahydrate, NiCl2.6H,0, is green. The anhydrous 
salt is converted to oxide, evolving chlorine, if heated in the air, 
but in the absence of air it can be sublimed at a high temperature! 

ndcdious bromide, NiBr^, is yellow when anhydrous. The addi^ 
tion of ammonia to a concentrated aqueous solution precipitates 
violet crystals of Ni(NHa)2.Br2. Since the corresponding compound 
of cobalt is soluble in water, this is a good Inethod of preparing, pure 
nickel compounds free from iron and cobalt. j j 

KiclEdoiis iodide, Nila, is black when anhydrous, but the hexa< 
hydrate, Nila.bHjO, obtained by evaporation of the aqueous 
solutions, is green. \ 

Sulphides. — Hydrogen sulphide has no action on slightly icid 
solutions of cobalt or nickel salts, but ammonium sulphide produces 
black precipitates of the hydrated monosulphides CoS and Nfe. 
It is remarkable that these precipitates will not dissolve in dilute 
acids, though they cannot be precipitated from acid solution. 
The explanation of this phenomenon is believed to lie in the trans- 
formation of the sulphide, as soon as it is precipitated, into a more 
stable and less soluble form. In confirmation of this view, three 
different nickel monosulphides have been prepared, one soluble in 
dilute acids, the other two not soluble. Neither cobalt mono- 
sulphide nor nickel monosulphide is so easily oxidized by the air 
to the sulphate as is ferrous sulphide. Several higher sulphides 
of cobalt and nickel have been described. 

Sulphates. — ^The anhydrous sulphates of cobalt and nickel, 
C0SO4 and NiS04, unlike the halides, can be prepared by heating 
the hydrates in the air: this is because sulphuric acid, being less 
volatffe than the hydrogen halides, is more effective in preventing 
hydrolysis. They can both be prepared in solution without 
difficulty by the usual methods. 

Oobattmis sulphate, C0SO4, when anhydrous is a red substance 
stable up to 700® and only slowly dissolved by water. Cobalt is 
sometimes weighed in this form, but all the water is expelled from 
the hydrates of ^obaltous sulphate only at 250® or over. The 
hydrate CoS04.6HaO and C0SO4.7H2O, likewise red, are very 
soluble in water, and several other hydrates have been prepared. 

nAAms fuhphaie, NiS04, is yellow when anhydrous, while the 
hy^ates are green or blue: it resembles cobiltous sulphate. Nickel 
ammcmium s^haU, NiS04. {NH^2S04.6H20, prepared from solutions 
of<^^e! sulphate and ammonium sulpnate in sulphuric acid, is 
used in nickel-plating. It is less soluble in water than is 
sulphate. 

Ilobai^ Co2(S04)8, is jxrepared by el^trolysis of a 

sototion of cobaltous sulphate in sulphuric acid, when it is pre- 
orated in^e blue crystals at the platinum anode (high oxygen 
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over-voltage). The action of ozone on such a solution yields a 
similar product. It dissolves in water, but the dissolved salt slowly 
oxidizes the water to oxygen; the unstable solution is blue* An 
ammonium alum of tervadent cobalt has also been prepared by 
electrolysis. 

Nitrates. — ^These salts can be prepared without difficulty in 
solution, or as hydrates, but the isolation of the anhydrous com- 
pounds is not easy: it is accomplished by the action of nitrogen 
pentoxide on the hydrates. 

Cobaltous nitratey Co(N03)2, is, when anhydrous, a pink sub- 
stance which decomposes at about 100°. The red hexahydraje, 
Co(N03j2.6H20, is very soluble in water, and is one of the com- 
monest compounds of cobalt. When gently heated it yields 
cobalt sesquioxide. 

Cobaltic nitrate is unknown, at any rate in the solid state. 

Nickeloiis nitrate, Ni(N03)2, is when anhydrous a greenish-yellow 
substance otherwise resembling cobaltous nitrate. The green 
hexahydrate, Ni(N03)2.6H20, is very soluble in water, and resembles 
cobaltous nitrate hexahydrate, but when gently heated yields 
(probably) nickel sesquioxide (hydrated). 

Complex Nitrites. — Cobalt forms a series of salts called the 
cohaltinitrites in which it is tervalent and present in a complex 
anion, Co(NOg)e'"; a few similar compounds of iron and of bivalent 
nickel have been prepared, but they are of minor importance. 

Potassitim cobaltinitrite, K3Co(N02)6, is precipitated in the 
hydrated form when a solution of potassium nitrite is mixed with 
a well-cooled and faintly acid (acetic acid) solution of a cobaltous 
salt. Some of the nitrite is consumed in oxidizing the cobalt to the 
tervalent state. The yellow hydrated salt is insoluble in water 
and has been used as a pigment; it is sometimes called * Fischer's 
salt ' after its discoverer. Nickel cannot be oxidized in this way 
to the tervalent state, and in such solutions forms no insoluble 
derivative, so this compound provides a method of separating cobalt 
from nickel. The corresponding salt of sodium is soluble in water, 
but not the ammonium salt. Many other cobaltinitrites have 
been prepared. 

Complex Cyanides. — Both cobaltous and nickelous solutions 
yield with cyanide solutions a precipitate of cobaltous or nickelous 
cyanide, Ck)(CN)2 or Ni(CN)2, soluble in excess of csranide with 
Ihe formation of complex ions. But whereas the cobaltocyahides 
contain the violet ion Co(CN)e"'' and recall the ferrocyanides, 
Ihe nickelocyanides contain the yellow ion NiiCN)/ ' and are not 
particularly stable; their solutions have the reactions of nickel 
There is, however, a considerable difference in the relative 
stability of the two- and three-valent states in the complex 
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G3nmides of cobalt and iron, and it is remarkable that the cobalti- 
cyanides are much more stable than the cobaltocyanides, whereas 
with iron the ferroc3^ides are rather the stabler. The oxidation 
potential of the change Co{CN)j"'-»Co(CN),"" is native on the 
hydn^n scale, and if cobaltocyanlde solutions are boiled they 
libnute hydrogen, while in the cold they will absorb oxygen from 
the air. Many of the cobaltocyanides are insoluble in wato, and 
can be precipitated from salt solutions by the addition of a Elution 
of potasshim cobaltoc3ranide. ' \ 

Oobalticyailides . — Potassium cobaltuyanide, K,Co(CN) „ is cAitained 
in solution by boiling a solution of potassium cobdtocyanide^ 

2Co(CN),"”+2H,0=2Co(CN),'"+ 20H'+H, t , , 

or by exposing it to the air, when it absorbs oxygen to form the 
same pr<Muct. The cobaltocyanide can be precipitated by alcohol 
from the solution obtained by adding potassium cyanide to a 
cobaltous solution until the precipitate of cobaltous cyanide 
dissolves. 

Potassium cobalticyanide can be obtained in yellow crystals by 
evaporation of its solutions: it is isomorphous with potassium 
fterricyanide. 

VooaUieyanic acid, HsCo(CN)„ is prepared from potassium 
cobalticyanide and dilute sulphuric acid. Alcohol precipitates 
potassium sulphate from this solution, and the concentrated filtrate 
wposits cobsdticyanic add monohydrate, HsCo(CN)(.HtO, from 
which the water can be expelled by cautious warming. The product 
is a cdourless substance, strongly add in sdution. Numerous 
cobalticyanides can be prepared. 

Since the nickeloc3ranides are much less stable than the cobdti- 
cyanides, nickel can be predpitated from mixed cyanide solutions 
by reagents which leave the cobalt tmaifected. Liebig’s separation 
of cobalt and nkkel depends on the use of bromine water for this 
purpose. Undet suitable conditions it predpitates a hydrated 
oxide- of nickd^ probaUy the sesquioxide, but leaves the cobalti- 
cyanide unchained. 

CARBOim.s.-^balt forms two carbonyls, but they are less 
eadly prqMtiwd and more easily decomposed than nickel tetra- 
caibcmyL , 

Cbbilt lateaiOMitoiQd, Co,(CO)|^ is prepared from cobalt powder 
M(l^»inied fay ledndng the oxide in hydrbgen) and carbon monoxide 
it 4b atec^ilierea pressure and 150*: It is an orange -crystalline 
eom mdting at 51**, only slowly attacked ty water or moist ^r- 
Gtyoseopic measoremoits on the benzene solutktu lead to a double 
fooleciilar wei^. . , , 

' IMMI Weimiiyl, is a blade solid pw^ared ty heating 
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the tetracaxbonyl to 60®. On heating, it decomposes into cobalt 
and carbon monoidde. 

Nidcd totracarboiQd* Ni(CO)4, is the only known carbonyl of 
nickel. It is prepared from reduced nickel and carbon monoxide 
at about 40®, and in practice it is convenient to work at increased 
pressure. The product is a colourless liquid freezing at —25® 
and boilm^ at 43®; the vapour has the normal molecular weight. 
Decomposition at atmospheric pressure is complete at 150® or 
thereabouts, but by raising the pressure it is possible to preserve 
the carbonyl at much higher temperatures. 

Nickel carbonyl is insoluble in water, but slowly liberates hydrogen 
from acids: 

Ni(CO)4+2H*=:Ni-+4CO t +«« f . 
and is decomposed by halogens in the presence of water: 

Ni(CO)4+Clj==NiCl2+4CO f . 

It plays a very important part in the extraction of nickel (p. 799). 

Nickel dimethylglyoximey Ni(C4H702N2)2» appears as a scarlet 
precipitate when dimethylglyoxime and ammonia are added to the 
solution of a nickel salt. This is a delicate test for nickel, and the 
reaction can also be used for the separation of cobalt and nickel, or 
for the estimation of nickel, as the scarlet substance can be dried 
and weighed. 


Ruthenium, Rhodium, Palladium 
Ru=ioi*i; atomic number, 44 Rh=i02-9i; atomic number, 45 

Pd=io6‘4; atomic number, 46 

These are all rare elements, though palladium is commoner than 
the other two. Ruthenium was discovered by Osann in 1828 in 
minerals from the Ural Mountains, rhodium and palladium in 
1804 Wollaston in platinum ores. 

Oooiizreiioe imd Extracthm. — Ruthenium is obtained from osmiri- 
dium, a naturally-occurring alloy of which some samples contain 
5 per cent of it or even more. After most of the osmium has been 
distill^ of as the volatile tetroxide (p. 817) the residue is evaporated 
to dryness with ammonium chloride and a little nitric acid, leaving 
^ sohd consisting principally of ammonium hexachloro-iridate, 
but also containing the ruthenium as anunomum 
iiexa^bixHTithenate, (NH4),RuCle. This is strongly heated, wbem 
Corine and dtibride are expelled, and the finely- 

divided metals remain. These are heated in a sUver crudWe with 
fused caustic potash and potassium nitrate, vdiich convert ruibeniiish 
to soluble potassium ruthenate, K2RUO4. The product is extracted 
^th water, which dissolves the potassium ruthenate but leaves the 
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iridium, and the ruthenium is precipitated as oxide by the addition 
of nitric acid. From this the metd can be obtained by reduction 
with hydrogen or by various other processes, but the product is 
not very pure. Traces of osmium may be removed by heating the 
metal or the oxide in a current of oxygen at such a temperature 
that osmium volatilizes as the tetroxide, while the ruthenium oxide 
remains behind, for the volatile ruthenium tetroxide is not produced 
in these conditions. The ruthenium oxide is reduced to tljie metal 
with hydrogen, converted as before to potassium ruthenatk and 
dissolved in water. A current of chlorine is then passed th![ough 
the hot solution, converting the ruthenium to volatile ruthebium 
tetroxide, RUO4, which distils over and is collected in caustic pciash. 
From this solution pure ruthenium can be obtained by reduction 
with alcohol. 

Rhodium is obtained from the platinum ores of South America 
(Colombia), the Urals, and British Columbia. When the platinum 
has been precipitated as ammonium hexachloro-platinate, 
(NH4)2PtCl0 (p. 823), the filtrate is treated with iron, which pre- 
cipitates rhodium and other metals of the platinum group. The 
isolation of rhodium from this mixture is a lengthy process which 
varies according to the metals present; the most effective method 
depends on the fact that metallic rhodium is insoluble in boiling 
aqua regia. 

Palladium is derived from several sources, though none of them 
is abundant. The most important is perhaps the residue from 
the extraction of nickel by the Mond process. Palladium can easily 
be separated from the other metals of the platinum group as the 
insoluble palladium iodide, Pdij. Palladium is also extracted from 
certain platinum ores and from porpesite, a Brazilian alloy of palla- 
dium and gold. This is fused with silver and extracted with dilute 
nitric acid, which leaves the gold unaffected. Palladium itself is 
insoluble in the dilute acid, but its alloy with silver will dissolve. 
The silver is easily removed from the solution as silver chloride, and 
the palladium c^ be precipitated with zinc. Palladium is purified 
by aiding hy(kogen chloride to its ammoniacal solutions; this 
precipitates the compound PdQ2.2NH2, insoluble in water but 
soluble in ammonia. 

— The metals can be precipitate without difficulty from 
solutions of their salts. They are all hard; ruthenium is grey, 
radium and palladium silver white {cmnpare iron, cobalt, ana 
nickel). . The metals cm all be obtained in the finely-divided or 
j^xmgy fpnn by heating the ammonium complex chlondes, and can 
Itls6 be prepared in coJipidal solutii;^ of hig^ catalytic activity, 
inte metals me ah very resistant to corroaon, though 
oxidized heating in dxygen or air, and are also attacked by fiuorm 
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and chlorine. They are resistant to acids; ruthenium dissolves 
only slowly in aqua regia; rhodium will not dissolve even in boiling 
aqua regia, though some of its alloys will; palladium, however, 
dissolves in hot concentrated acids and even in cold concentrated 
nitric acid. 

Uses. — ^The rarity of these metals prevents any extensive use 
being made of them. Rhodium has been used in thermo-couples, 
and, alloyed with platinum, in the manufacture of crucibles, which 
lose less metal by volatilization at high temperatures than do 
platinum crucibles. Alloys of palladium and gold have also been 
used as substitutes for platinum in the manufacture of laboratory 
apparatus. 

The Compounds of Ruthenium, Rhodium, and Palladium. 
—Like all the transition elements, these metals display several 
valencies, and their chemistry is in consequence somewhat involved. 
For a detailed account the large works of reference should be 
consulted. As is found with cobalt, and even with iron, the 
existence of complexes, very numerous with these elements, greatly 
afects the stability of the valencies. Ruthenium in its behaviour 
recalls both manganese and iron; its stablest valencies are three 
and four, but it can also have \’alencies of two, six, seven, or eight. 
Like rhodium and palladium, it forms complex salts with the 
cyanides; these contain the ion Ru(CN)e''" and are analogous to 
the ferrocyanides. The complex chloride anions have the formulae 
RuClj" and RuCle", and in the former the metal is tervalent, but 
ruthenium forms no alums. In rhodium the valency of three seems 
to be more stable, especially in complexes, than it is in ruthenium; 
thus the very stable complex cyanide contains the ion Rh(CN)g'", 
analogous to the ferricyanides, and unknown with ruthenium; the 
chloride complexes are RhClg'^ andRhClg"' (compare RuCle")#* and 
rhodium forms alums, as well as a yellow potassium rhodinitrite, 
K 3 Rh(NOa)e, insoluble in water, and strongly recalling potassium 
cobaltinitrite. In addition to this valepcy of three, rhodium has a 
valency of four, most clearly shown in the dioxide, and possibly a 
valency of two. 

In palladium, as in nickel, the principal valency is two, but there 
are less conspicuous valencies of three and four, occurring almost 
exclusively in complexes. The ion of the palladocyanides is 
Pd(CN)j", and the chloropalladite complex is PdCl/', but PdCV^ 
and PdCV' are ^Iso known. Rhodium and palladium reseiiible 
cobalt, and also iridium and platinum, in the variety and stability 

their ammine derivatives. 

Our account of the compounds of the three elements must be 
Practically coined to the prindi^ oxides and hydroirides and 
emoiides* but we may first consider the curious behavio^ of 
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palladium with regard to hydrogen. Palladium will absorb large 
volumes of the gas, and if water is electrolysed with a palladium 
cathode, considerable quantities of oxygen are set free at the anode 
before any hsdrogen appe^ at the cathode. The gas can be 
completely remove by heating the metal in a vacuum. The many 
researches which have been devoted to the subject have shown that 
the absorption is not a truly reversible one, and this has made its 
investigation very difficult. It is now generally believS that 
definite hydrides are formed, and that these compounds are &pable 
of forming a solid solution in palladium. The permeabMy of 
palladiiun to hydrogen has been made use of in researci,'^ and 
ruthenium and rhodium share this property of absorbing the gas, 
though to a lower degree. 

Oxides and Hydroxides. — Several oxides of all these elements 
have been described: we shaU deal only with the more important. 
On account of the rarity and cost of these elements, the ch emistr y 
of their compounds has not been investigated so thoroughly as 
might be wished. 

Bnfliemum trihydioxide, Ru(OH)„ is a blackish-brown precipitate 
obtained by the addition of caustic alkalis to solutions of tervalent 
ruthenium salts. It is oxidized in the air, and can be reduced to the 
metal by warming in hydrogen at 40°. 

RirtiMininiii di oTid e, RuOj, sublimes when ruthenium is strongly 
heated in oxygm, and can be obtained in this way from osmiiidium. 
It is, however, 1 ^ volatile than osmium tetroxide, OSO4, a fact 
whkh is made use of in the separation of these dements. The 
dioxide is insoluble in acids, but when heated in the air with fused 
caustic potash it is oxidized to a ru&ienate (compare manganese) : 

2Ru0,-)-40H'-|-0,a=2Ru04"-|-2H,0 t . 

The ruthenates contain the ion RUO4" and are consequently derived 
fn»n the unknown ruthenium trioxide, RuOg, an interesting 
resemblance with the ferrates. Potassium ruthenate is also 
|^rq>ared by heating ruthenium with caustic potash and potassium 
nitrate, and diissolves in water to form an orange solution easily 
oxidized to a green solution which contains a pmufhenate. The 
pemtthenates_ contain the ion RuO/ and correspond with the 
pctmai^ganat^, the ruthenates with the manganates. 

RUO4, distils off when a solution of a 
i^nBoate at 90*^ is oxidized by ridorine: 

‘ Ru 04 "-|-Cl,«Ru 04 t-i.aCl'. 

& is a yeOow crystalline substance which melts at 26°, and at 106° 
hpfesiMrgen tp form the dioxide. Ji may be oompaied with the 
f|[jm1%,1mt BK»e Stacie tetroidde of oamum. Bo& oi these tet- 

It diiBdlves ha water apparently 
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without pxx>ducing either an acid or a base (compare osmium 

tetroxide). 

Bhodiiim iribydroxide* Rh(OH)3, is a yellow compound prefixed 
])y the method used for ruthenium trihydroxide; it dissolves in 
acids to^ give pink solutions of rhodium salts (compare cobalt). 

Rhodium sesQuic^de* Rh^Og. — This oxide is the sole product of 
heating the metal, its nitrate, or chloride in air or oxygen at about 
6oo^ It is a grey, crystalline solid, insoluble in acids. 

Rhodiim dioxide* RhOg.— The hydrate, RhOg.HgO is produced 
by anodic oxidation of an alkaline solution of the hydroxide. 
Rh(OH)8. 

Rhodates containing the ion Rh04" are known, and give blue 
solutions, but they are much less stable than the ruthenates, and 
no perrhodates have been prepared. 

PaUadoiis oxide* PdO, is a brown or black substance precipitated 
from paUadous solutions by caustic alkalis, or obtained simply by 
hydrol3^ing the solution of a palladous salt by boiling it. These 
methods 3deld the hydrated substance; the anhydrous oxide can 
be prepared by igniting palladous nitrate. Palladous oxide is 
readily reduced by hydrogen in the cold. 

Paltodium sesq^oxide* PdgOg, is obtained by electrolytic oxida- 
tion of palladous solutions, but is unstable, and yields a palladous 
solution (which is further oxidized by electrolysis) and the ^oxide. 

Palladium dioxide* .PdOg, can be obtained by electrolysis as just 
described or precipitated from alkaline chloropalladite solutions 
by ozone: 

PdCV'+ 0 g+ 20 H'=-Pd 02 1 +Og t +4Cl'+HgO. 

It is an unstable brown substance with oxidizing properties. 

Halides — Buthenium trichloride* RuClg, is prepared by the action 
of hydrochloric acid on the tetroxide or trihydroxide. It dissolves 
in water to form an orange solution which on heating turns bladk 
and deposits the hydroxide (compare' ferric chloride), 

ChlorortUhenites, such as KgRuClg, are prepared from cold concen- 
trated solutions of ruthenium tridbloride and other chlorides {e.g. 
potassium chloride), and chlororuthenates, such as KgRuClg, have bem 
prepared by the action of hydrochloric acid on ruthenates, and the 
hydrate, RUCI4.5H2O, is known. The chlororuthenates are decom- 
posed by water. 

Bhodil^n RhClg, is obtained by heating ammonium 

hexachlororiiodite, (NHJgRhClg, when it splits up into anuiKmium 
chloride and rhodium trichloride. The anhydrous substance thue 
obtained is red and will not dissdlve in water or acids, but u solutde 
hydrate can be prepared by the action of hydroc^ric add on 
rhodium trihydroxide, or by preci^tating sodium chloride htm 
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sodium hexachlororhodite, NagRbCl®, with hydrochloric acid and 
concentrating the solution. Both hexachlororhodites and penta- 
chlororhodites (which contain the ion RhClg'") can be obtained from 
mixed chloride solutions. 

PaUadoos dbJoride, PdClg, is obtained by union of the elements, 
though it is decomposed when heated to 250°, and can be reduced 
to the metal in the cold by hydrogen. In a current of chlorine it 
can be distilled at a red heat- It forms dark red crystals, ^liques- 
cent and soluble in water. When mixed with potassium [^hloride 
solutions and concentrated, the solutions deposit potassium\chloro- 
palladite, K2PdCl4, in red .crystals which, like palladous (Chloride, 
readily decompose on heating. Although no other chloqde of 
palladium is known, complex salts called chloropalladates, in Which 
the metal is quadrivalent, have been prepared. Potassium cUoro- 
palladaU, KgPdClg, is obtained by passing chlorine through solutions 
of potassium chloropalladite, and forms red crystals soluble in 
water, though the solutions are not very stable. 

Palladous iodide* Pdlg, is a black substance precipitated from 
palladous solutions by soluble iodides. As it is insoluble in water 
it is useful in the separation of palladium from related elements. 
Like all palladium salts it jdelds the metal on strong heating. The 
insolubility of the iodide is one of the resemblances between the 
adjacent elements palladium and silver. Since the standard elec- 
trode potential of palladium, +0’82 volt, like that of silver (+0 80 
volt), exceeds that of iodine, which is only +0*53 volt, it would 
not be possible for palladous iodide to exist in solution except in 
very low concentration. 

Palladium trifluoride* PdFg, can be prepared, by exposing palla- 
dium, or palladous chloride, to the action of fluorine. 


Osmium and Iripium 

05=190*2; atomic number, 76 Ir= 192*2 ; atomic number, 77 

Oceusienoe and Extraction. — These rare elements were discovered 
by Tennant in 1804. The principal source is osmitidium, an alloy 
found in Coltobia (South America), the Ural Mountains, and New 
South Wales, and containing from 20 per cent to 40 per cent of 
osmium, with most of the rest iridium, and small quantities 01 
ruthenium, rhqdium, and platinum. 

The qsiniridium is first heated with zmc> with which osmium forms 
an alloy, and t;he product cooled and crushed. It is then placed uj 
an earthehwai^ crucibie and stroifgly h^ted u^ith a mixture 01 
Mriiam pesroxide and baritun nitrate; this treatment brings 

into solution. The |ux>duct is dissolved in dilute 
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hydrochloric acid, and sulphuric acid is added to precipitate the 
barium as sulphate. This is filtered off, and the filtrate is treated 
^th nitric acid to oxidize to the tetroxide, OsO^, any osmium 
which may be in a lower state of oxidation. The solution is now 
boiled, when nearly all the osmium distils off as the volatile 
tetroxide. The iridium and any ruthenium which may be present 
remain in the solution, and are obtained in the metallic state as 
described under ruthenium (p. 809). When these metals are heated 
with caustic potash and potassium nitrate, a potassium iridate is 
probably formed ^ well as a ruthenate, but the subsequent washings 
decompose the iridate, leaving hydrated iridium dioxide (compare 
ruthenium and rhodium). This can be converted to the metal by 
reduction with hydrogen, or simply by heating to a high tempera- 
ture. As the product contains traces of the other platinum metals 
it is usually further purified by taking advantage of the insolubility 
of iridium in fuming nitric acid or in aqua regia. This process will 
not eliminate the closely allied element rhodium, but rhodium will 
dissolve in fused potassium hydrogen sulphate, which converts 
iridium to the insoluble sesquioxide, IrgOg. 

The volatile osmium tetroxide obtained as just described is re- 
distilled and collected in aqueous ammonia, then precipitated from 
this solution by hydrogen sulphide as osmium tetrasulphide, OSS4. 
When heated in the absence of air this substance dissociates: the 
sulphur volatilizes first, and then the osmium sublimes and can be 
collected. A very high temperature is required for this operation.* 

Metals. — Osmium and iridium are easily prepared by reduction 
of their compounds, in solution or in the solid state. They are 
white metadb, very dense and hard; osmium is the densest of all 
substances known on the earth (density up to 24). They can be 
obtained in colloidal solution or in the finely-divided state, and are 
then very active catalysts for various reactions, such as the decom- 
position of hydrogen peroxide. Finely-divided osmium is for certain 
reactions an even more active catalyst than platinum, and has been 
used in the synthesis of ammonia, though cheaper catalysts have 
now taken its place. 

The metals are oxidized when strongly heated in the air, but 
they are more resistant than ruthenium or rhodium to the action 
of fluorine or chlorine. Osmium is readily soluble in fuming nitric 
acid, but iridium is insoluble in all acids. In spite of their excep- 
tional properties, the elements are too expensive to be of 
practical use. Osmium was once used for the filaments of eieciric- 
%ht bulbs, but has long been replaced by the cheapr ttu^en. 
AIlo3rs of platintim and iridium are hard and incorrodible, and have 
been used in tipping the nibs of expensive fountain pens, in 
bistruments, and in the construction of the standwd m^tre and, 
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kilogram at Paris. Platinum crucibles often contain a little iridium 
to stiffen them. 

The Compounds of Osmium and Iridium. — ^The principal 
valencies of osmium are four, six, and eight, but there is a well- 
marked valency of three, especially noticeable in complex anions. 
Osmium tetroxide, OSO4, in which the metal is octavalent, is more 
stable than the corresponding compound of mtheniiun, and p^ium 
is the only element to form, in the octafluoride OsFg, an ekdttically 
neutral compound in which so many as dght atoms of one elWent 
are directly attached to one atom of another. In its complex 
chlorides osmium resembles^ ruthenium in displa3dng valencies of 
three and four; three in the chloro-osmites, OsCl,"', and four in the 
chloro-osimtes, OsClg". and it also resembles ruthenimn in foiling 
osmocyanides, Os(CN)j"", in which the metal is bivalent; potassium 
ferrocyanide, ruthenocyanide, and osmocyanide are isomorphous. 
Iridium, as might be expected, shows a close resemblance to 
rhodium as well as to osmium. The valency of three is well 
nm^ked and fairly stable, though the hydrated sesquioxide, IrgO,, 
is oxidized by the air. Iridium forms alums, and silso a sulphate, 
Irj(S04)j.Aq., in which it is tervalent. Moreover, the only known 
complex cyanides are the iridicyanides, Ir(CN)g"', as with rhodium, 
though in its complex chlorides iridium resembles osmium rather 
than rhodium, forming the chioroiridites, IrCl*'". and the chloro- 
iridates, IrCl*''. The valency of fom: is less stable with iridium 
fhan with osmium, the valency of six is very unstable, and higher 
valencies are unknown. Like cobalt and rhodium, iridium very 
readily forms complex ammines. The known compounds of sexi- 
valent iridium comprise the fluoride, IrFg, the trioxide, IrOg, and 
possibly an oxyfluoride, IrOF*. All are powerful oxidizing agents. 
The hexafluoride, obtained from the metal and fluorine at 260°, is 
violently attacked by water, ydelding finally the tetrahydroxide, 
It(OH) 4, with hydrogen fluoride. 

Oxides and Hydroxides.— Tlie most important are the following : 

Owntem tetrabfilioiide, Os(OH)4, is precipitated when chloro- 
osmate solutions are boiled with caustic alkalis in the absence of air: 

_ OsCV'+40H'*Os(OH)« i_-f6Cr. 

It is oxidised by the air to the tetroxide, OsOg. If the tetra- 
hj^droxide is hea^ in an inert atmosphere it loses water and forms 
dwxHf, OsOf, whidi can also be prepared by* gently heating 
hmabm in a stieam of osnuum tetrox^ vapour. Th# dioxide is 
'a hoown solid whidi <m strong heat^ yields osaahiro and the 
yeJatile tetromde: / 

' ^0sOj=**O8-i-0^4 f . 

add it yields the complex OsCl,". 
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Osnunni totroxiddy OsO^. — Solutions of this substance are often 
called ‘ ostnic acid/ and salts such as Kj|0s04(0H)a have been 
obtained by treating the tetroxide with concentrated alkalis , but 
such salts are perosmates. Osmium tetroxide concludes a series— 
TaO/", WO4 ReO/ , OSO4 — in which the charge is the difference 
(8— group number), and in all of which the four oxygen atoms are 
found at the comers of a regular tetrahedron enclosing the character- 
istic atom at its centre. 

This oxide is produced by heating the metal or its compoimds 
in oxygen, or by treating thena with nitric acid. It is a colourless 
solid with remarkable properties, for it melts at 40® and boils at 
130®, and has so high a vapour pressure at temperatures below the 
boiling-point ^at it can be distilled without difficulty from its 
aqueous solutions. The vapour, which has the normal vapour 
density, has a strong pecffiiar odour, and is highly poisonous, 
causing temporary blindness, among other effects. It is an oxidizing 
agent and can easily be reduced to the metal, either in solution or 
in the vapour. A dilute solution is used as a stain in microscopy, 
since organic substances reduce it to black finely-divided osmium. 
It also forms a useful killing agent for protozoa, etc. Solutions of 
osmium tetroxide are neutral. 

Osmates and Osmyl Compounds.-— The trioxide is unknown, but 
osmates, derived from an acid, H2OSO4, have been prepared (com- 
pare iron and ruthenium). They are conveniently obtained by 
reducing alkaline solutions of osmium tetroxide, e.g. with alcohol. 
On careful treatment with acids, osmate solutions yield a series of 
derivatives of a t3^e infrequently seen. They are called osmyl 
compounds, and contain the bivalent positive radical OsOj, or pos- 
sibly the ion OsOa**, always associated, however, with other ions 
to produce compounds of the type Ka(0s02)Cl4, potassium osmyl 
chloride. Their formation from osmates may be formulated: 

OSO4" +4H* ^OsOr +2H2O, 

and is reversible, for in neutral solution the osmyl derivatives are 
hydrolysed and precipitate what may be osmic acid, H^s04. 
They are, however, stable in slightly acid solution. ^ 

Iridiiuii sesQuioxidet Ir^Os, is obtained by heating chloroiti^tes, 
MjrCl^, with sodium carbonate, when oxygen as well as 
dioxide escapes. 

Mmmn faitmhy dmTiaft, Ir(OH)4, and dioi^ ItO„ ai« pri^piured 
by the method used for the corresponding osmium compouttra, btrt 
when tim dioxide is strongly heated, it yields iridium and oxygen, 
since iridipm forms no tetroxide. The hydroxide is a Wue-bladc, 
and the dioxide a blade, powder. The latter has a crystal structure 
similar to that of manganese dioxide (p. 763). 
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Halibbs. — O smium reacts with fluorine when heated in a stream 
of the gas, and forms a tetrafluoride OsF^, a hexafluoride OsF 
and an octafluoride OsFg, which can be separated by fractional 
distillation in vacuo, 

Osmiiim octafluoride, the most volatile of the three, is a yellowish- 
red solid melting at 35®, and boiling at 48® to form a colourless 
vapour which fumes in moist air and has the normal vapour jdinsity. 
The octafluoride dissolves in water and the solution is pakially 
hydrolysed, with formation of the tetroxide. It is decomposed by 
heating and is highly reactive, attacking organic substancesWith 
violence. It apparently combines with fluorides of the alkali- 
metals to form double or complex fluorides, and this may indicate 
a covalency of more than eight for osmium. 

Osmium dichloride, OsClg, has been prepared by heating the 
trichloride under reduced pressure. 

Osmium trichloride, OSCI3, is prepared by heating ammonium 
chloro-osmate, (NHJaOsClg, in chlorine. It is a brown solid which 
dissolves in water to form solutions which, though slightly hydro- 
lysed, are stable in the air. The chloro-osmites, such as KgOsClg, 
potassium chloro-osmite, are derived from it, and form red solutions: 
the potassium and ammonium salts, and possibly others as well, 
are soluble in water. 

Osmium tetrachloride, OSCI4, is prepared by union of the elements 
at a high temperature, and when purified by sublimation forms a 
black solid. As it is insoluble in water, the cMoro-osmateSt which 
contain the ion OsCl®", cannot be prepared from its solutions, but 
they can be made by other methods, e.g. by heating osmium and 
potassium chloride in chlorine. Their solutions. Which are yellow, 
are hydrolysed on warming and precipitate the tetrahydroxide. 

Iri^um dichloride, IrCl^, is prepared by heating the trichloride 
in a stream of chlorine at 6oo®-700®. Above 770® the dichloride 
dissociates to give the copper-red monochloride, IrCl. 

Iridium trichloride, IrCl„ prepared like the osmium compound, 
is a gi;:een solid insoluble in water, but a soluble hydrated varietj/ 
has been prepared (compare rhodium trichloride). The chloro' 
iridites, with the ion IrC^3"^ form green solutions and resemble the 
osmium compounds. _ 

Iridium tetradllOfide, IrCl4, is prepared by union of the elements 
like osmium tetrachloride, but as it readily forms the trichlonoe 
the chlorine must be introduced under pressure. It differs fron 
the osmimn cempound in being soluble in water and less stable 
1^ such as pota^iuix| cbloroiridate, KaliCle^ ^ 

derived firom it, and can be made eiAer in solution or by the methoc 
used for the chloro-osmates, but the potassium and ammonium salt: 

arelesssolublemwatertKanthecoiTespondingosmiumcompounds,an( 
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the chloroiridates lose chlorine when their solutions are boiled, becom- 
ing chloroiridites, whereas chloro-osmates are merely hydrol3^ed. 

Iridnm trisolpliate. — Ir2(S04)3, can be obtained as a hydrate from 
a solution of the sesquioxide in sulphuric acid. It is soluble in 
water .to give a bright yellow solution which is oxidized and turned 
violet by the air, but if a concentrated solution is evaporated with 
potassium sulphate solution, potassium iridium alum, K2SO4, 
112(504)3.241120, can be obtained. Osmium forms neither a 
trisulphate nor an alum. 

Platinum 

Pt=i95*09. Atomic Number, 78 

Platinum was discovered in South America, in a district which 
now forms part of Colombia. It was first brought to Europe 
in 1735 

Occurrence and Extraction.— Platinum occurs in the Ural Moun- 
tains in the form of an alloy containing some 80 per cent of platinum 
together with iron, copper, the other metals of the platinum group, 
and sometimes a little gold. There are also deposits containing 
platinum sulphide in the Transvaal, though they are not worked 
at present. The most important source of platinum is now, however, 
the residue of the extraction of nickel from the Ontario ores (p. 799). 

Crude platinum from all these sources is brought into solu- 
tion with aqua regia, and the solution is diluted, filtered, and 
evaporated to small bulk. Nitric acid is then expelled by boiling 
with hydrochloric acid, and the chlorides are evaporated to dr5niess 
and then dissolved in a little water. The addition of ammonium 
chloride precipitates the slightly soluble ammonium chloroplatinate, 
(NH4)2PtCl3, with some ammonium chloroiridate, (NH4)2lrC4. 
These are fitered off, and the mother-liquors are worked up again. 
The precipitate is suspended in water and sulphur dioxide bubbled 
through, when soluble ammonium chloroiridite, (NH4)8 ItC 13, is 
formed by reduction, and only the ammonium chloroplatinate, which 
is not so easily reduced, remains imdissolved. Heating converts it 
to spongy platinum, which is welded into an ingot in a lime furnace 
heated either electrically or in the oxy-hydrogen flame. 

Metallic Fla&um. — Platinum is a very dense silver-white metal. 
It is not so hard as osmium or iridium, but it is more malleable and 
tluctile, and can drawn into thin strong wires. Its coeffident 
of thermal expansion is about gxio”*, and is very close to that of 
glass, so that before the discovery of cheaper substitutes ftetinum 
Was mudi used for sealing into glass: the possibility of dohlg this 
Is still a great convenience in the manufacture of apparatus which 
for other reasons must contain platinum. ^ 
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The mete! is very resistant to oxygen even at hi^h temperatures 
though the slight loss in weight which platinum articles suffer when 
stron^y heated lor a long time in the air, but not in inert gases, has 
been attributed to the formation of the dioxide PtOj. With few ex- 
ceptions* acids have no effect on the metal, but boilmg concentrated 
smphuric acid attacks it slightly, while aqua regia, and a solution 
of a chlorate in concentrated hydrochloric acid, dissolve it without 
difficulty. Their solvent action is due to the liberation of c&lorine, 
though massive platinum is not attacked by chlorine, nor e^n by 
fiuorine, up to a temperature of more than 350®. Th^ msed 
hydroxide, nitrate and bisulphate of potassium, and sodium 
peroxide, attack platinum, and crucibles made from it should not 
be used ifor strongly heating these substances, nor is it prudeiii to 
melt metals in platinum crucibles, as allo3dng frequently takes 
place. Contact with hot elementary sulphur or phosphorus should 
also be avoided, and direct heating with a coal-gas flame may lead 
to action with the sulphur compounds present in the gas. 

Its resistance to chemical attack and its high melting-point make 
platinum almost indispensable to the manufacture of certain kinds 
of apparatus, though its cost, which in the last twenty years has 
fluctuated widely, is a serious disadvantage. It is used for crucibles 
and basins and other chemical ware, for wires for flame tests, for 
electrical contacts, for electrodes, in pyrometers, resistance ther- 
mometers, electric furnaces, standard weights and measures, and 
for many other purposes. Platinum and platinum-iridium have 
often be^ used to make vessels to hold hydrofluoric acid or fluorine. 
The cost of platinum is generally so high that the use of substitutes 
has become absolutely necessary. Crucibles can be made from 
nickel, ^ver, gold, fused silica, dumina, or zirconia, according to 
the purpose for which they are required; platinum wires for analysis 
can be reduced by fused silica; * platinite ' (p. 800) can be used for 
aealmg Into glass, and fluorine or hydrofluoric acid apparatus is 
made from modem ‘ plastics ' or copper, while weights can be 
^ted with |»latinum or with gold. 

Platlnumls also greatly in demand as a catalyst A hobplatinum 
wire will continue to glow m a mixture of methyl alcohol vapour 
knd air, formaldehyde bdng formed on th^surfac^ of the metal, or 
fo coal-gas and air, and ignite a jet of hydrogen. Colloidal 
l^tmom, ptepaied by Busbig'S method or by eyeful reduction, 
ts a active catdyst excelled only, m certain reactions, by 
oolloij M^ amium. On the industrial s^e fdattmaed asbestos is^ 
oftei»»loyed; Ibis is prepared by soaking asbestos m a solution 
€$ c wBp il atinic add and then pn^udng the finely-divided metal 
% JHHon. Vigorous reduction solutions ot platinum salts 
fyrrOHK fini*>v^ivfdi»d rnndificfttion filled ' olatinum 
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black/ often used for coating the platinum electrodes of delicate 
jipparatus such as hydrogen electrodes or conductivity cells. On 
the other hand, th0 use of smooth platinum anod^ is esseiitial to 
certain anodic oxidation processes, such as the manufacture of 
persulphates, in whi^ a high oxygen over-voltage is required. 

Quite large quantities of platinum were at one time used in the 
oxidation of sulphur dioxide (p. 684), but cheaper catalysts are now 
employed. On the other hand, ^ids of platinum wire are stiU used 
in the oxidation of ammonia to nitric acid (p. 390). 

Platinum is also used in jewelry — a waste of valuable material 
that ought not to be encouraged. 

Compounds of Platinum. — ^The principal valencies of platinum 
are two and four, but it may possibly show an unstable valency of 
three, and more rarely a valency of six. The covalency or co-ordina- 
tion number is usually four when the metal is bivalent, and six 
when it is quadrivalent. 

Platinum is one of the least electropositive of metals, and the 
negligible tendency of the metal to form ions in contact with water 
is the reason for the use of platinum in electrometric apparatus. It 
shows the greatest reluctance to form cations: the bivalent com- 
pounds are either insoluble or contain the metal in the anion, and 
the quadrivalent compounds react with water to form complexes 
of the same nature (see, for example, platinic chloride). 

The chemistry of platinum solutions is therefore chiefly the 
chemistry of its complexes. In the chloroplatinates, with the ioq 
PtCl^'', the quadrivalent state absent in nickel and inconspicuous 
in palladium is now very stable. On the other hand no quadrivalent 
complex cyanides are known, and the platinocyanides, Pt(CN)4", 
corresponding with the palladocyanides and nickelocyanides, are 
exceedingly stable compounds. Just as nickel resembles the 
adjacent elets^ient copper, and palladium silver, so does platinum 
resemble gold: 

iike other members of the group, platinum forms a large range 
of complex ammines, some of which have already been alluded 
toipp. 2 dj, 349 » 350). 

Oxides.— The principal oxides of platinum are the monoxide, 
dioxide, and trioxide. They all yield the metal and oxygen on 
strqwig heating. 

Jmnum monoad^ PtO, is prepared by the action of oxygen 
on mtinum sponge at 450®. In the hydrated condition it can be 
prea|iftated by boifing a chloroplatmite with caustic soda: 

PtCV*+20H'-^Pt0.Aq. >H-4Cr+HjO. 

ft is a redudlng fgent, oxidfeed by the air, and if prepared in the 
way cannot be fie^ from water without decomposition. 
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Flatimnn di03tid8» PtOj, is precipitated as a hydrate when a 
solution of ^tinic chloride which has been boiled with caustic 
alkali is treated with a weak acid — acetic acid. The white preci- 
pitate is soluble in acids and alkalis, and probably has the 
constitution H2Pt(OH)e, since from its alkaline solutions such salts 
as potassium hexahydroxyplatinate, K2pt(OH)2, can be obtained" 
and behave as the salts of a strong acid. 

Platinmn triozide, PtO*. — By anodic oxidation of poiassium 
hexahydroxyplatinate solutions, potassium platinate, K^O^, h 
obtained, and when treated with acids this 5delds the tnoxide as 
a red solid. It is a powerftd oxidizing agent which gives off ^xygen 
when gently warmed. \ 

Halides. — Platinum forms stable halides in which it is bivalent 
and quadrivalent, and a less stable tervalent series. All' the 
halides decompose into the elements on ignition. The bivalent 
halides are insoluble in water. The quadrivalent halides (except 
the iodide) dissolve, but they react with the water to form com- 
plexes in which the platinum is in the anion; their solutions have 
consequently an acid reaction. Complexes such as PtCl4" anc 
PtCl^" are very stable and are the anions of strong acids. The 
trihalides behave towards water like mixtures of the dihalides anc 
tetrahalides. The tetrahalides are weak oxidizing agents, and theii 
o:^izing action is assisted by the insolubility of the dihalidej 
(compare copper). 

The Fluorito must be prepared by union of the elements al 
*500®-6 oo®: platinous fluoride, PtFj, is insoluble in water; platinii 
fluoride, PtF4, is soluble but easily hydrolysed. 

natiuottS chknide, PtCl2, is made by union. pf the elements al 
360®, and is insoluble in water, but dissolves readily m chloride 
solutions to form a series of salts called the chloroplatinites, witl 
the ion PtCV'. These compounds can also be prepared by reducing 
chloroplatinate solutions, as for instance with sulphur dioxide 
The silver, mercury, and lead salts are insoluble, the others mosth 
soluble, the solutions being red. The chloroplatinite solutions ar« 
fairly stable, bbt they are decomposed by boiling caustic alkal 
or by hydrogen sulphide, and oxidized to chloroplatinates d] 
chlorine. . , 

tiSdiloridef PtCl3, is made bjrheating the tetrachlono' 
in chlorine at 390®* It is soluMe in boiling wat^, but the solutioi 
is ea^Y hydraysed. With chloride solutions it gives a mixtur 
of chloroplatinite and chloroplatinate. 

telnidhlo(ride» Platinie PtCl^, is 

^ailofoplatimc add, H,Pta,. in chlorine. It is a redfeh-brow 
^hxtgroseoiac solid soluwe in water to form a stable scdution ftt® 
m hydrate can be obtained by evaporation 
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jiydrolysis takes place on further heating. The solution has an 
acid reaction, and is dibasic, as is shown by titration: on electrolysis 
platinum travels towards the anode. The solution is therefore 
supposed to contain the acid HaPtCl4(OH)j, with the anion 
ptCl4(OH)2"— compare hexahydroxyplatinic acid, HjPt(OH)e. 

Chloropiatinic acid, H^PtCl^, is obtained in solution by dissolving 
platinum tetrachloride in hydrochloric acid, or by dissolving 
platinum in aqua regia, evaporating repeatedly to dryness with 
hydrochloric acid, and treating the final aqueous solution with 
chlorine. The hexahydrate, HjPtCle.fiHaO, is obtained by con- 
centration of its solutions. It is a strong acid and 5delds salts on 
neutralization with alkalis; these salts can also be obtained by 
oxidizing the chloroplatinites with chlorine. Their solutions are 
yellow. 

Potassium chloroplatinate, K2ptCle, like the chloroplatinates of 
rubidium, caesium, ammonium, and silver, is a yellow salt only 
slightly soluble in cold water (about 9 gm. per litre at room 
temperature), so it can be obtained by precipitation. It was for- 
merly used in the quantitative analysis of potassium salts, but is now 
ofteii replaced by the cheaper potassium perchlorate. On strong 
heating it leaves potassium chloride and platinum. 

The Bromides resemble the chlorides, but the hromoplatinates of 
potassium and ammonium are more soluble than the corresponding 
compounds of chlorine. 

]^tmic iodide* Ptl^, is an insoluble compound prepared by 
union of the elements, or precipitated by iodides from chloro- 
platinate solutions. It loses iodme in vacuo even at room tem- 
perature. Potassium iodoplatinate, KgPtle, is soluble in water. 

Sulphides. — ^Platinoiis stdphide* PtS, and platmic sulphide* PtS^, 
are precipitated by hydrogen sulphide from chloroplatinite and 
chlproplatinate solutions respectively. They decompose into the 
elements when heated in the absence of air. 

Platmic sulphate* Pt(S04)2, is deposited as the tetrahydrate 
when a current is passed between platinum electrodes in fairly 
concentrated sulphuric acid. It is soluble in water, but preci- 
pitates a basic salt on warming. 

Complex cyanides. — ^The platinocyanides, with the ion Pt{CN)4'^, 
more important and more stable than the plaJtinicyanides^ with 
the ion Pt(CN)4': it should be noted that the latter contain ter- 
valent, not quadrivalent, platinum. The former are obtained by 
the addition of cyanides to most platinous or platinic solutions, 
with platinic chloride: 

PtCl44‘6CN'=Pt(CN)4"-f-4a'+C2N2 f . 

^ ^^ction that may be compared with the action of cyanides on 
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copper solutions. The platinocyanides are very stable com- 
pounds unaffected by aqua regia. Many of them are beautifully 
coloured, as for example the ammonium salt, \nduch a^wars pink, 
blue, or yellow according to the direction of the incident light! 
Many fluoresce in ultra-violet light or when exposed to the rays 
ftmn radioactive substances. 

Barium platinocyanide, BaPt(CN) 4 . 4 HjO, prepared from platinous 
chloride and barium cy^ide solution, fluoresces very bmliantly 
under X-radiation, and is much used in screens for radid^aphic 
investigations. 
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Ac 

89 

(227) 

Aluminium 

A1 

13 

26-98 

Antimony 

Sb 

51 

12176 

Argon 

A 

18 

39-944 

Arsenic 

As 

33 

74-91 

Barium 

Ba 

56 

£37-36 

Beryllium 

Be 

4 

9-013 
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Bi 

83 

209-00 

Boron 

B 

5 

10-82 
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Br 

35 

79-916 
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Cd 

48 

112-41 
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Cs 

55 

132-91 
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Ca 

20 

40-08 
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C 

6 

12-011 
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Ce 

58 

140-13 

Chlorine 

Cl 

17 

35-457 
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Cr 

24 

52-01 

Cobalt 

Co 

27 

58-94 

Copper 

Cu 

29 

63-54 

D3rsprosium 

Dy 

66 

162-51 

Erbium 

Er 

68 

167-27 

Europium 

Eu 

63 

152-0 

Fluorine 

F 

9 

19-00 

Francium 

Fr 

87 

(223) 

Gadolinium 

Gd 

64 

157-26 

Gallium 

Ga 

31 

6972 

Germanium 

Ge 

32 

72-60 

Gold 

Au 

79 

197-0 

Hafnium 

Hf 

72 

178-5 


He 

2 

‘ 4-003 
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Element 

Symbol 

Atomic Number 

Atomic Weight 

Holmium 

Ho 

67 

164-94 

Hydrogen 

H 

I 

I -0080 

Indium 

In 

49 

114-82 

Iodine 

I 

53 

126-91 

Iridium 

Ir 

77 

192-2, 1 

Iron 

Fe 

26 

55 -%( 

Krypton 

Kr 

36 

83-80 

Lanthanum 

La 

57 

138-92 \ 

Lead 

Pb 

82 

207-21 

Lithium 

Li 

3 

6-940 \ 

Lutetium 

Lu 

71 

179-99 

Magnesium 

Mg 

12 

24-32 

Manganese 

Mn 

25 

54-94 

Mercury 

Hg 

80 

200-61 

Molybdenum 

Mo 

42 

95-95 

Neodymium 

Nd 

60 

144-27 

Neon 

Ne 

10 

20-183 

Nickel 

Ni 

28 

58-71 

Niobium 

Nb 

41 

92-91 

Nitrogen 

N 

7 

14-008 

Osmium 

Os 

76 

190-2 

Oxygen 

O 

8 

16-00 

Palladium 

Pd 

46 

106-4 

Phosphorus 

P 

15 

30-975 

Platinum 

Pt 

78 

195-09 

Polonium 

Po 

84 

210 

Potassium 

K 

19 

39-100 

Praseod3miium 

Pr 

59 

140-92 

Proto-actinium 

Pa 

91 

{231) 

RadiumT 

Ra 

88- 

225-97 

Radon 

Rn 

86 

(222) 

Rhenium 

Re 

75 

186-22 

Rhodium 

Rh 

45 

102-91 

Rubidium 

Rb 

. 37 

85-48 

Ruthenium 

Ru 

44 

lOI-I 

Sammium 

’*.Sm 

62 

^^ 0-35 
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Element 

Symbol 

Atomic Number 

Atomic WeigH 

Scandium 

Sc 

21 

44-96 

Selenium 

Se 

34 

78-96 

Silicon 

Si 

14 

28-09 

Silver 

Ag 

47 

107-880 

Sodium 

Na 

II 

22-991 

Strontium 

Sr 

38 

87-63 

Sulphur 

s 

16 

32-066 

Tantalum 

Ta 

73 

180-95 

Technetium 

Tc 

43 

(99) 

Tellurium 

Te 

52 

127-61 

Terbium 

Tb 

65 

158-93 

Thallium 

T1 

81 

204-39 

Thorium 

Th 

90 

232-05 

Thuiium 

Tm 

69 

168-94 

Tin 

Sn 

50 

118-70 

Titanium 

Ti 

22 

47-90 

Tungsten 

W 

74 

183-86 

Uranium 

U 

92 

238-07 

Vanadium 

V 

23 

50-95 

Xenon 

Xe 

54 

131-30 

Ytterbium 

Yb 

70 

173-04 

Yttrimn 

Y 

39. 

88-92 

Zinc 

Zn 

30 

65-38 

Zirconium 

Zr 

40 

91-22 
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Abegg's rule, 132 
Accumulators, 269 
Acetaldehyde, synthesis, 213 
Acetoxime, 405 
Acetylacetone, 350, 351 
Acetylene, 213, 565, 566 
- — tetrachloride, 578 
Acetylidei 565, 566 
Acid, antimonic, 652 
— , antimonious, 651 
— , arsenic, 641 
— , boric, 524 
— , bromic, 747 

, carbonic, 575 

— , chlorantimonic, 648 

, chloric, 740 

, chloroauric, 476 

, chloroplatinic, 823 

, chlorosulphonic, 417, 690, 692 

— , chlorous, 739 

, chromic, 709 

, dichromic, 709 

— , dithionous, 690 
— , iluoboric, 528 
— , fluosilicic, 586, 726 

, hydrazoic, 406 

, hydriodic, 752 

, hydrobromic, 746 

— , hydrochloric, 320, 733 

— I , distillation, 170 

, vapour pressure, 185, 735 

, hydrocyanic, 579 

— , hydrofluoric, 724, 727 

— , association of, 104, 724, 

727 

— , hydronitrous, 417 

, hypobromous, 747 

' — * h5rpochlorous, 738 
— , hypoibdous, 754 
" — , hyponitrous, 417 
* — , hypophosphoric, O27 
-- — , hypophosphorous, 625 
— . iodic, 754 

" — , i2ioly?<iic,^7X4 
— , nitric, 420 

fuming, 421 
^ ionization of, 159. 42* 
, solvatkm of, 343. 4** 


Acid, nitric, synthesis, 390, 410 

, nitrous, 418 

, orthophosphoric, 628 

, pentathionic, 692 

, perboric, 526 

, perchloric, 725, 741 

, , ionization of, 160, 7^12 

, , solvation of, 343 

. perchromic, 712 

, periodic, 725, 756 

, permanganic, 768 

, perphosphoric, 631 

, persulphuric, 692 

, phosphorous, 626 

, pyrophosphoric, 630 

, selenic, 699 

, selenous, 671, 697 

, silicic, 584 

, stannic, 604 

, sulphuric, 688 

, , manufacture of, 682 

, sulphurous, 679 

, telluric, 701 

, tellurous, 701 

, tetrathionic, 692 

, thiosulphuric, 691 

Acids, 192, 441 

, strong and weak, 149 

Actinium, 310 
Activation, energy of, 239 
Activity coefl&cient, 252 

concept, 157, 251 

Adiabatic calorimeter, 222 
Adsoj^tion, 287 

indicators, 289 

— — isotherm, 288 
Affinity, 220, 226, 256 
Air, 384, 428 

, liquid, 371, 388, 429 

Alabaster, 488 
Alchemy, 7 

Alcohols, as solvents, 157, 213 

, synthesis, 391 

Aldehydes* synthesis, 391 
Alexandrian chemistiy, 9 
Algaroth, powder of, 647 
Alkali-metals, 431, 440 
Alkaline earths, 483, 4S8, 490 
Alkalis, 25, 373* 440 
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Allotropy. 90, 261 
Alloys. 172 

, preparation of. 267 

, stnkture of, 90 

Alpha particles. 298 
Alum. 529, 539 
Alumina. 529, 534. 616 
Aluminates. 535 
Aluminium. 529. 602 

amalgam. 5x7 

arsemde. 640 

bromate. 747 

bronze. 458 

carbide. 568 

—— chlorate. 741 

compounds; 5x9, 533 

halides, 344, 535 

nitrate, 539 

nitride, 535 

oxide and hydroxide, 533 

perchlorate, 743 

peroxide, 535 

phosphates. 539 

silicates, 540 

sulphate, 538 

sulphide, 538 

telluride, 700 

Aluminosilicates. 540, 581 
Alundum, 534 
Alunite, 539 
Amalgams. 267, 516 
Ameth3rst. 581, 798 
— , oriental, 533 
Amides, 401 
Amines. 401 
Ammines, 40X 
Ammonal. 400. 533 
Ammonia. 387 
- — , distribution. 2or. 392 

. donor prbpeatias^ 393 

, hydrates. 39* , . 

in complexes. 198. 349, 393 

. liquid. 398 / 

, oxidation of, 291, 390 

-*1 — precipitatioxis with, 196 . 
— synthesis. 1*24, 388 
Axnmcmium atxialgam. 5x7 
-r — aisenite. 641 
— azide, 407. 408 
— ^ bicarbonate. 39S 

bromatq, 397 

bromide, 397 

bxotxi£i|i 34 tiiiate, 823 

carbenoafte^ 39X, 398 

carbonate, 398 


Ammonium chlorate, 397 

chloride. 396, 426 

structure, 90, 396 

chloroiridate, 809, 8x8 

— ^ — chloroiridite. 819 

chloroplatinate. 810, 819, 823 

chloroplumbate. 6x x 

chlororuthenate, 809 

chlorosmate, 8x8 

chlorostannate, 606 

chromate, 710 

compounds, 383, 394 U 

dichromate. 705 \\ 

diuranate, 719 u 

fluoride. 396 \ 

halides. 396 \ 

hexachlorofhodite, 813 

hydrogen sulphate, 399 

sulphide, 398 

iodate. 397 

iodide, 397 

magnesium phosphate, 487 

molybdates, 7x4, 754 

nitrate, 400, 411 

nitrite, 399 

oleate, 93 

perchlorate, 398 

peroxides. 401 

perrhenate. 770 

phosphates, 360, 400 

phosphomolybdate, 631 

platinocyanide, 823 

sulphate, 390. 399 

sulphides. 398 

thiocyanate*, 453 

uranate. 720 

vanadate. 6^4 

Ammbhd-acids. 394 

^ba8ea,.394 

salts, 394 

Analysis, electrolytic, 265 
Andrews* titration, 757 
Anglesite, 612 
Anhydrite, 388, 488 
Anisotropy. 93 
Anodic oxidation. 267, 532 
Aixoinaiy* 5 f strong electrolytes, 149 
Anthracene. 274 
Antichlors. 451, d8o. 691 
Anti-knoclc 2x7 

Antimonates.' 652 ; 

Antimonxdes. 650 ' 

Antimonites. 631 
Aniamcmy, 6x3. 847 
— , allotropy, i' 
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Antimony compounds, 613, 647 
- — , detection and estimation, 655 

halides, 652 

hydride, 649 

— oxides, 650 

— oxyacids, 651, 652 
- — oxyhalides, 654 

- — sulphate, 655 

— sulphides, 654 
Antimonyl compounds, 654 
Aqua regia, 416, 422 
Aragonite, 81. 488 
Argentite, 468 

Argon, 372, 428 
Argyrodite, 599 
Arsenates, 642 
Arsenic, 613, 637 

allotropy, 638 

compounds, 613, 637 

, detection and estimation, 646 

halides, 643 

hydride, 639 

oxides, 640 

oxyacids, 641, 642 

sulphides, 644 

Arsenides, 639 
Arsenites, 641, 751 
Arsenomolybdates, 643 
Arsine, 639 
Asbestos, 482 
Association of liquids, 102 

of solutes, 102, 141, 181 

Astatine, 34 x 
Atacamite, 455 

Atmosphere, 359, 378, 384, 428, 574 
Atom, wei^t of,' 78 
Atomic number, 301, 318 

numbers, lists of, 315, 825 

structure, 311 

theory, 38, 62 

volume, 340, 341, 342 i 343 . 77 ^ 

weight, 65, 77, 517 „ 

weights, fists of, 315, 825 

-1,——.^ ph3r8ical and chemical 

deterxhiBanons of, 66 
Attincaf, 520 
Auer me^, 597 
Auric compounds. See Gold 
Aurous coml^ounds. See Gold 
Auto-^mptoes, 202 
Avogadro^s liumbcr, 65, 78, 27 
- — inindple, 51, 64 
Azides, 402, 407 
Azoimide, 406 
Azurite, 455 


Baddeleyite, 593 
Barium, 489 

o amalgam, 490, 517 

— bromate, 747 

— carbonate, 492, 493 

— chlorate, 740 

— chlorite, 739 

— chromate, 500, 709 

— chromite, 709 

— compounds, 477, 489 

— ferrate, 785 
iluogermanate, 601 

— fluosilicate, 586 

■— halides, 494 

— hexammine, 401 

— hydride. 490 

hydrogen sulphate, 499 

hydrosulphide, 498 

hydroxide, 492 

— hypophosphite, 625 

— iodate, 755 

— manganate, 768 

— nitrate, 500 

— nitride, 494 

— oxalate, 489 

— oxide, 491 

periodate, 756, 757 

permanganate, 764 

peroxide, 493 

phosphate, 500 

phosphite, 627 

platinocyanide, 824 

selenate, 699 

sulphate, 488, 499 

sulphide, 498 

sulphite, 680 

tellurate, 701 

Barote, 488 
Baryta, 488, 492 
Barges, 489 
Bases, 192, 441 
Bauxite, 529 

Beckmann's apparatus, 140 
Bell^metal, 458, 602 
Benzaldehyde, oxidation of, 217 
Benzene, dry, 216 
Benzol, 562 
Beryl, 84, 479 
Beryllates, 481 
Beryllium, 479 

acetylacetonate, 351 

boride. 524 

compounds, 477, 480 

Bessemer fmocess, 777, 800 
Beta-^-ays, 306 i ^ 
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Bicarboaates, 575 
Bimolecalar reactions, 120 
Birkeland-Eyde process, 410 
Bismuth, 613, 656 

compounds, 613, 656 

halides, 658 

hydride. 657 

nitrate, 661 

nitride, 395 

oxides and hydroxides, 657 

oxyhalides, 659 

phosphate, 661 

sulphate, 661 

sulphides, 660 

telluride, 700 

Bismuthates, 658 
Bismuthinite, 660 
Bismuthyl compounds, 660 
Bisulphates, 690 
Bisulphites, 680 
Bittern, 743 
Blacklead, 560 
Blast furnace, 775 
Bleaching-powder, 496 
Blo^ipe, aluminium, 533 

, atomic hydrogen, 363 

, oxygen, 373 

Blue john, 495, 725 

Bohr's atomic theory, 329 

Boiling-point of liquids, io6, 169, 215 

-3 — of solutions, 135 

l^mb calorimeter, 223 

Bone-ash, 615 

Boramide, 401 

Boranes, 522 

Borates, 338, 526 

Borax, 526 

Boric acid, 524 

Borides, 524 

Boron, 520 

-- — compounds, 

haUdes. 527, 737 

hydrides, 522 

Bort, 338 

Bosch process, 359, 389, 781 

Boyle's law, 95^ 

mss, 438 
Braunite, 760 
Brin process, 493 
:Brine, 438 

747 

Bromaside, 408 
Bromides, 746 
Bromine, 723, 743 
— compomi^, 723, 743 


Bromine duoride, 729 
hydrate, 745 
Bronze, 455, 458, 601 
Brown ring test, 794 > 

Brownian movement, 278 
Buffer solutions, 208 

Cadmiates, 504 ij 

Cadmium, 501 | 

, ammino complex ion, W 

ammonium phosphate, \ko6 

carbonate, 504 \T 

compounds, 477, 503 i 

halides, 202, 505 4 \ 

nitrate, 506 

oxide and hydroxide, 503 ' 

peroxide, 504 

phosphate, 506 

pyrophosphate, 506 

separation from copper, 198, 462 

, , zinc, 195, 507 

standard cell, 248 

sulphate, 506 

sulphide, 506 

Caesium, 432 

bromate, 449 

bromide, 447 

carbonate, 442 

chlorate, 448 

chloride, 445 

chloroferrate, 791 

chloroplatinate, 823 

compounds, 432 

, detection dnd estimation, 453 

dichlorohypoiodite, 447, 758 

ffuoride, 448 

halides, structure, 88 

hydride, 435 

hydrosulphide, 452 

hydroxide, 437 

iodide, 447 

nitrate, 449 

nitride, 450 

oxides, 436 

perchlorate, 449# 743 

peril&lides, 446 

phosphates, 450 

sHiemnolybdaie, 453 

sulphide, 452 
tebrachlorSediie, 759 
HiicKyanate, 453 
Calamine, 3ot 
Calrite, 4^ 

Calcium, 488 
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Calcium amalgam, 490 
arsenate, 640 
. — arsenide, 639, 640 

— bicarbonate, 494 
. — bisulphite, 680 

borate, 521 

carbide, 566 

carbonate, 81, 493 

chromate, 500 

compounds, 477, 488 

cyanamide, 567 

ferrocyanide, 796 

halides, 494 

hydride, 490 

hydrosulphide, 498 
- — hydroxide, 130, 491 

h3npochlorite, 496 

imide, 402 

iodate, 498 

nitrate, 499 

nitride, 494 

oxalate, 489, 500 

oxide, 491 

peroxide, 493 

phosphates, 500, 615 

phosphides, 567, 622 

phosphite, 626 

saccharate, 493 

silicate, 585 

sulphate, 499 

sulphides, 271 

‘superphosphate,* 500, 616 

thiosulphate, 452 

titanate, 590 

tungstate, 715 

Caliche, 450 
Calomel, 512 

electrode, 249 

Caloric, 47 
Calorimetry, 221 
Calx, 19 
Carat. 474, 558 
Carbamide, See Urea 
Carbon, 557 

compounds, 556, 564 

— dioxide, 25, 572 

• , precipitations with, 196, 

576 

— disulphide, 578 
hydrides, 565 
monoxide, 354, 5^ 

— - oacysulphide, 579 

— sllidde.S®^ 

— subosdda^ 568 

— tetrachloride, 577, 749 


Carbon tetrafluoride, 577 
Carbonado, 558 
Carbonates, 338, 575 
Carbonization, 562 
Carbonyl chloride, 578 

sulphide, 579 

Carbonyls, 572 
Carborundum, 566 
Carnallite, 433, 445, 482, 744 
Caro's acid, 693 
Cassiterite, 601 
Cassius, purple of, 474, 605 
Cast iron, 776 
Castner process, 434 
Castner-Kellner process, 438 
Catalysis, 212 

, heterogeneous, 289 
•, homogeneous, 213 
-, negative, 217 
Cataphoresis, 282 
Cathode deposits, 268 
rays, 296 

Cathodic reduction, 267 
Celestine, 489 
Cell, conductivity, 144 
, electrolytic, 437 
, standard, 248 
, storage, 269 
Celtium, 593 
Cement, 492 
Cementite, 779 
Cerium, 542, 556, 595 

compounds, 542, 556, 595 
Cerussite, 6io 
Chain-reactions, 217, 273 
Chalcocite, 455 
Chalcopyrite, 455 
Chalk, 25, 488 
Chamber crystals, 686 
Charcoal, 287, 560 
Charles’s law, 95 
Chelate compounds, 350 
Chemical affinity, 220, 226, 256 
Chile saltpetre, 450, 748 
China clay, 496 
Chinese chemistry, 8 
Chloramine, 402, 403 
Chlorates, 365, 740, 742 
Chloraurites, 474 
Chlorazide, 408 
Chlorides, 423, 736 
Chlorine, 723, 730 

com^unds, 723, 730 

dioxide, 738 

fluorides, 729 



(^loriQe he{>toxide. 738 

hydnix, 73Z 

iscftopcs, 319 

monoxide, 737 

water, 732 

Chlorites, 739 
Chloroantimonates, 654 
Chloroferrates, 791 
Chlorophyll, 271 , 

^orostilphonic acid, 4x7, 690, 693 
Chromates, 709 
Chroine alum, 707 

iron ore, 703 

yellow, 612 

Chromic compounds, 705 ' 

Chromite, 703 
Chromites, 709 
Chromium, 702, 703 

• , ammino complexes of, 708 

compounds, 702, 703 

Chromous compounds, 708 

Chromyl compounds, 71 1 

Chxysocolla, 455 

Cinnabar, 507 

Claude process, 360, 391 

Clay, 581 

Cleveite, 428 

Coagulation, 282 

Coal, 561 

Coal-gas, 562 

Coal-tar, 562 

Coalite, 563 

Cobalt, 771, 798 

, ammino complexes of, 351, 802 

carbonate, 804 

carbonyls, 808 

~ compounds, 771, 802 

, cyano complexes of, 807 

halides, 203, 804 

— nitrate, 807 

oaides and hydroxides, 802 

sulphates, B06 

^Iphide, 8ofit 

Cohaltimtdtes, 807 
Cobaltite, 799 
Ckxlm, 562 

359. 5®3 
Colemaaite, 521. 

CoUoids, 9tf6 

oi i6j, 203, 209, 4^0, 

i^lumblte, 770 

Sse Niobium 
Combustion, heat of, 223 , 

Ccaopie«: km, 197, 261, 26$ 
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Complex salts, 297 
Component (phase rule) , 163 
Compounds, 59, 176 
Concentration cells, 2^ 
Conductivity cells, 144 

titration, 264 

- water, 144, 191, 368, 602 
Conductivity, electrical, of solution** 
143, 201, 209, 242, 264, 3iii 

equivalent, 145 [r 

, molecular, 145 

specific, 145 

, thermal, of gases, 99 

Consecutive reactions, 121 
Conservation of energy, 94, afii 
of mass, 45, 62 \ 

Constant-boiling mixtures, 170, 
Constant composition, law of, 40 
Constantan, 458, 801 
Cont^t process, 124, 240, 683 
Cooling curves, 174 
Co-ordinate link, 346 
Co-ordination compounds, 345 
Co-ordination, in ciystals, 92 
Copper, 455, 458 

amalgam, 517 

, ammino complex, 199, 201, 460 

arsenite, 641 

compounds, 459 

, cyano complex, 198, 262, 462 

detection and estimation, 467 

hydride, 626 

ioi^, 459, 463 
oxides and hydroxides, 462 
phosphide, *622 
pyrites, 455, 792 

, refining, 266, 457 

, separation from cadmium, 198, 

462 

Corrosive sublimate, 513 
Corundum, 533 
Cosmic rays, 306 

334. 343 

Cristobahte, 583 

Critical solution temperature, 171 
-~= teMeratttie, 102 
CwcfMm, 703 
Crocoxte, 703 

Cryohydric temperature, 179 

Cty,taUoid«, s8<> ' 

V 93 
' m,.9t 

ttk», ,0^ ' 
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I Cupric azide, 408 
“ , — carbonate, 466 
. — compounds, 466 
^ ferrocyanide, 467 

halides, 460, 466 

^ nitrate, 467 
— oxide and hydroxide, 463 

sulphate, 81, 466 

. — sulphide, 466 
[ Cuprite, 455 

Cuprous acetylide, 465, 566 

- compounds, 464 

- cyanide, 462, 465 

- halides, 461, 465 
[ — oxide, 462 

- sulphate, 465 

- sulphide, 465 

- thiocyanate, 465 
’ Cyanates, 580 

1 Cyanides, 579 
I Cyanogen, 579 


Dalton's atomic theory, 38, 62 
- law of partial pressure, 99 
Daniell cell, 246, 257, 262, 462 
Deacon process, 731 
Degrees of freedom, 165 
Deliquescence, 168 
Delta-metal, 458 
Dephlogisticated air, 27 
Devitrification, 81, 585 
Dialysis, 279 
Diamond, 88, 225, 558 
Diaspore, 534 
Diazoacetic ester, 212 
Diborane, 323 
Dichromates, 709 
Dielectric constant, 105, 158 
Diffusion, 98, 319 
Dilution law, Ostwald's, 147 
Dimethylglyoxime, 786, 809 
Diphenylamine, 710 
Dipole moment, 333 
Discharge tubes, 29b 
Disilane, 583 

^disintegration theory, 306 
Disperse phase, 277 
Dispersion coefficient, 281 
Distillatkm, rfiB 
' — in steanit 171 
Distribution taw, 179# *00, 2x1, 73; 

molecular velocities, 94, a3f 
Dissociation conatants, 148, 182, 184 
heat of, 242 


Dissociation, theory, 141, 149, t6l 
Dithionates, 692 
Dithionites, 6^ 

Diuranates, 720 

Dolomite, 482 

Double salts, 197 

Dry cleaning, 578 

Dry ice, 574 

Dr3dng, intensive, 215 

Dulong and Petit's law, 66 

Dumas’ vapour-density method, 72 

Duralumin, 532 

Dust removal, 684 

Dwarf stars, 300 

Dyeing, 286 

Dynamic equilibrium, in 
Dyscrasite, 468 
Dysprosium, 542 


Earths, alkaline, 484, 488 
— , rare, 519, 542, 596 
Edison accumulator, 269 
Efflorescence, 168 
Egyptian chemistry, 6 
Einstein's photochemical law, 272 
Eka-caesium (francium), 431 
Electrical conductivity, 143. 201, 209; 
242, 264, 344 
— work, 253, 256 

Electro-analysis, 263 • 

Electrochemical series, 254 
Electrode, hydrogen, 250 
— , standard, 249 
Electrode potentials, 250 
Electrolysis, laws of, 142 
Electrolytes, 143 
— , colloidal, 285 
Electrolytic oxidation, 259, 267 

preparations. 267 

reduction, 259, 267 

Electrometric titration, 263, 629, 689 
Electron, 29, 297, 395 

spin, 336 

Electronic charge, 143 
— — orbits, 329 

theory of valency, 335 

Electroplating, 268 
Electrotype, 269 
Electrovalency, 334 
Elektrom, 483 
Element, 7, 17, 59 » 

Elements, disint^ration of, 320 

, hats of, 315 

Elixirs, 14 
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Endothermic reactions, 221 
Energy, conservation of, 94, 219 

of activation, 239 

~ of reaction, 220 
Entropy, 227 
Eosin, 289 
Epsom salt, 487 
Eqnilibrator, 181 

Equilibrium-constant, 112, 227, 257 
Equilibrium, dynamic, iii 
Equivalent, 75 
Erbium, 542 

Esters, hydrol5rsis of, 119, 212, 213 
Ethane, 565 

Ethyl or&iocarbonate, 575 
Ethylene, 97, 360, 565, 690 

diamine, 351 

Eudiometry, 70 
Europium, 542 
Eutectic, 173 

arrest, 175 

Evaporation, 102 
Exhalation theory, 9 
Exothermic reactions, 221 
Explosive reactions, 239 
Extraction (by solvents), 185 


Fajans' theory, 160 
Faraday (unit), 143 
Faraday's laws of electrolysis, 142 
Fatty acid hlms, 106 
Fehling's solution, 199, 461 
Ferrates, 785 
Ferric alum, 794 

ammonium sulphate, 794 

carbonate, 789 

compounds, 786. See also Iron 

halides, 789 

nitrate^ 794 

oxide and hydroxide, 783 

phosphate* 795 

^ sulphate, 

— sulphide, 792 

— . — thiocyanate, 798 
Ferricyanides, 795, 797 
Ferrites, 785 
Ferxo-manganese, 760 
silicon, 582 

— titanium, 588 

vanadium, 662 

Ferrocyanides, 795 
Ferrosoferric oxide, 784 
Ferrous ammonium sulphate, 793 
carbonates, 789 


Ferrous compounds, 786, See also Iroi 

halides, 789 

nitrate, 794 

oxalate, 782 

oxide and hydroxide, 782 

phosphate, 795 

sulphate, 793 

sulphide, 792 

titanate, 590 

Flint, 581 

Fluoaluminates, 536 
Fluoborates, 528 
Fluoferrates, 791 
Fluomanganates, 766 
Fluoniobates, 669 
Fluorescein, 289 
Fluorescence, 270 
Fluorides, 728 
Fluorine, 723, 725 

oxides, 729 

Fluorspar, 495, 726 

structure, 90 

Fluosilicates, 586 
Fluotantalates, 669 
Formation, heat of, 225 
Fractional distillation, 169 
Francium, 431 
Free energy, 228, 229, 231-3 
of formation, 235 
Freedom, degrees of, 165 
Freezing-mixtures, 178 

point, 109, 173 

point of solutions, 136, 203, 212 

Friedel and Crafts' reaction, 214 
Fulminating gold, 475 

silver, 471 

Fuming of acids, 735 

Fused salts, conductivity of, 344 


Gadolinite, 543 
Gadolinium, 542 
Gaillard tower, 687 
Galena, 468, 607, 612 
Gallium, 519. 548 

co^ounds, 519* 54 ^ 

Galvanized iron, 268, 503 

Gamma-rays, 306 

Gamierite, 799 

Gas carbon, 562 

Gas laws, 94 

Gas mantle, 545, 596 

Gases, 89, 93 

— kinetic theory of, 93f ^79 

— Hque^tkm of, 97 
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Gases, perfect, 96 
, solubility, 133 
— , specific heats, 68, 100 
. — , thermal conductivity, 99 
_ — , viscosity, loi 
Gay-Lussac tower, 686 
Gay-Lussac's law, 50, 63 
Geiger's law, 310 
German silver, 458, 801 
Germanium, 302, 599 

compounds, 599 

Getters, 435 

Gibbs-Helmholtz equations, 230, 243 

Gibbsite, 534 

Glass, 81, 525, 585 

Glover tower, 686 

Glucinum. See Beryllium 

Goitre, 749 

Gold, 473 

— ■ amalgam, 517 

, colloidal, 280, 286 

compounds, 475 

, cyano complexes, 475 

, history of, 6, 14 

phosphide, 621 

Goldschmidt process, 533, 538 
Goniometer, 8i 
Gossage’s process, 438 
Graham's law of diffusion, 98 
Graphite, 89, 225, 559, 608 
Greek chemistry, 7 
Green john, 495 
Greenockite, 501 
Grignard compounds, 484 
Guano, 500, 615 
Gunmetal, 602 
Gunpowder, 450, 675 
Gypsum, 488 


Haber-Bosch process, 388, 781 
Haematite, 775 
Hafnium, 542, 556, 593 
- — compounds, 556, 593 
Half-life period, 120, 307 
Halograis, 723 

Hardening of fats, 295, 802 
Heat, mechanical equivalent of, 220 

- of combustion, 223 

- of dissociation, 242 

- of formation, 225 

' — of neutralization, 193 
of reaction, 220, 257 

- Of solution# 242 

- theorem, Nemst's, 242 


Heavy-spar, 489 ^ 

Helium, 429 

Henry’s law, 180 

Hess's law, 224 

Hittorf's phosphorus, 617 

Hofmann's vapour-density method, 72 

Holmium, 542 

Hydrates, 131 

Hydration of ions, 154 

Hydrazine, 403 

compounds, 403 
Hydrides, 363 
Hydrofluorides, 728 
Hydrogen, 359 

— , atomic weight, 65, 77, 327 

— bonds, 103, 104, 367, 396 

— electrode, 250, 262, 365 

— ion, catalysis, 212, 215 

, concentration, 194, 204, 

262 


, hydration, 215 

, mobility, 154 

, liquefaction, 98 

, nascent, 365 

— , ortho- and para-, 362 

— over-voltage, 266, 516 

— spectrum, 329 
-, valency of, 367 

Hydrogen antimonide, 650 
arsenide, 639 

bromide, 724, 745 , 

, photochemical decomposi- 
tion, 272 

— chloride, 724, 733 

, alcoholic, 215 

^ distribution, 183 

, photochemical synthesis, 

217, 273 

solvation, 190, 214, 343, 


, synthesis, 217, 273 

cyanide, 579 

fluoride, 724, 727 

■ — , association, 104, 724, 727 

iodide, 724, 752 

oxide. See Water 

peroxide, 378, 514 

, association, 104, 380 

, stability, 290, 380 

persulphides, 677 

pho^hides, 620 

selenide, 671, 697 

— sihcides, 582 

sulphide, 671, 675 

, predpitati^ with, t94 
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Hy€rog^ telluride, 671, 700 
HyditMjl^tion* 205, 802 
HydiroSy^b, 2Q3. 262, 369, 737 
Hydroaitritcib, 417, 420 
Hydroxides, 373 
Hydroxyl ion, catalysis by, 212 
Hydroxylapune, 405 

compounds, 406 ‘ 

HydroxyUc solvc^its, 159 
Hypoazmmonates, 651 
Hypobromites, 747 
Hypochlorites, 739 
Hypoiodites, 754 
Hyponitrites, 417 
Hypophos^ates, 627 
Hypophosphites, 625 
H>povanadates, 664 
Hypovanadous compounds, 663 


latrochemistry, 15 
Ice, 301, 368 

, structure of, 103 

, vapour pressure, 167 

Ice calonmeter, 224 
Iceland spar, 488 
^ Ilmenite, 588 
Mmides, 401 
'{;||pdian dtemistry, 8 
ink, 365 

lildicatotft, acid-base, 205 
-A---, adsorption, 289 
5-_l, radioactive, 320 
Indium, 69, 519, 549 

compounds, 519, 550 

Inductimi period, 274 
Inert gases, 428 

atomic numbers of, 328 

— _ structures of, 330 

Inhibitiim of reactions, 125 
Inhibitors^ 2x7 
Ink, 361, 565, 7^, 803 
Inoculation (of tblutions), 129 
Inteudve drying, 2x3 
Ixxvar, 80Q J 
Invariant systems, x66 
lodates,y735 
lodaaid^, 40S 
Iodides, 753. 

Iodine, X99, 7*3. 748 

acetate, 759 

bromide, 738 

r chlorides, 737, 75® ^ 

r^ooe^ouads, 723, 748 , 


|lodine cyanide, 758 

2 fluorides, 730 

hydroxide, 751 

in polyhalogen ions, 200, 44. 

749. 758 

iodate, 754 

nitrate, 759 

oxides, 724, 754 

oxyacids, 754 

perchlorate, 724 

sulphates, 759 

Ionic charge, 143 A 

equations, i88 \\ 

equilibrium, 188 ;\ 

product of water, igj, 24^ 

258 

radii, 92 

theory, 141, 149, 161, 320 

Ionium, 309 

Ionization in crystals, 86 
Ions, complex, 197, 261, 266 

, hydration of, 154, 160 

, mobility of, 146, 152. 15 

156 

Iridium, 771, 814 

compounds, 771, 815 

Iron, 771, 774 
— allotropy, 89, 780 

carbide, 366, 779 

carbonyls, 795 

compounds, 771, 782. See ali 

Ferric and Ferrous 

disulphide, 792 

ions, equilibrium between, 25< 

787 

nitrides, 785 

oxides and hydroxides, 782 

, promoter action of, 217, 218 

pyrites, 10, 792 

suicide, 582 

structure of, 89 

tungstate, 715 

Isobaric isotope, 313 
Isobars, 3x8 

Isobutyl alcohol^ synthesis, 391 
Isochore, van*t Hoff%v 5*34» 23 
409"^ 

Isocysnldes, 58a 
Isomerism, 343 
Isomo^hiim, 691, 91 
Isob^, 312, 318 
Ibt, 3x5 

, separation of, 3x9 

J argon, 593 
a^>err38f 
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I Jena glass, 5*5, 585 
I joule-Thomson experiment, 97 


Kaolin, 540 

Karlsruhe, Congress of, 53 
Katharometer, 99, 362 
Ketones, synthesis, 391 
Kibaltu, 798 
Kieserite, 482 

Kinetic theory of gases, 93, 237, 279 

Kirchhoff’s equation, 242 

Kohlrausch's law, 146 

Kohol, 647 

Krypton, 429 

Kuhl, 647 

Kupfemickel, 798 


Lampblack, 561 
Landsberger's apparatus, 139 
Lanthanum, 542 
Latent heat, 102 
Lattice, crystal, 197 
Laue photographs, 83 
Laughing gas, 411 

Le Chatelier’s law, 109, 122, 227, 496 
Lead, 556, 607 

— accumulator, 269 
— atomic weight, 31 1 

— compounds, 556, 608 
— , desilveration of, 468 

— isotopes, 313 
— , red, 609 
— , white, 610 
Lead acetates, 612 
' — - azide, 408 

— ~ carbonate, 610 
■ — chromate, 612, 711 
• — halides, 610 

— hydride, 609 

■ — molybdate, 713 
■ — nitrate, 612 

— oxides and hvflroxides, 609 
' — pyrqphogpha^ 63a 

“ — ^par,'6ia h 

— sulphates, 612 ^^ 

' — sulphides, 6124 

*■ — tetraeth^^l, 608, 612 

Ublanc process. 45^^ 452 
wpidc^, 433 
UesttsaSis's linsss. 712 

» 5 . 491 
Limestone. 491 


Limonite, 775 * 4 

Liquation, 056 > 

Liquefaction of gases, 97, 359 ^ 

Liquid air, 371, 388, 429 

— ammonia, 393 

— ^stals, 93 

junction potential, 256 

Liquids. loi 
— , immiscible, 170^ 179 
— , undercooled, 81 
Liquidus, 172 
Litharge, 609 
Lithium, 433 

— aluminium hydride, 523, 583 

— bromate, 449 

— bromide, 447 

— carbonate, 443 

chlorate, 448 

chloride, 446 

compounds, 43- 

, detection and estimation, 454 

— fluoride, 448 

— hydride, 435 
hydrosulphide, 452 

— hydroxide, 437 

— iodide, 447 

— nitrate, 449 

— nitride, 450 

— oxides, 436 

perchlorate, 449 

phosphate, 450 

sulphide, 452 

thiocyanate, 160, 453 

Lodestone, 784 

Low-t^perature carbonization, 563 
Luminescence, 270 
Lupi spuma, 715 
Lutetium, 542 


Magnalium, 532 
Magnesia, 25, 482 
Magnemte, 482, 486 
Magnesium, 482 

ammonium phosphate. 487 

azide, 408 

— — bicarbonate, 486 

boride, 524 

bromide, 487 

carbonate, 445, 48© 

chlorate, 741 

chloride, 486 

chromite, 705 

— - compounds, 477, 483 
fluoride. 486 
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Mag&esium hydrogen carbonate, 485 
— hydrosnlphide, 487 
* hydroxide, 196, 484 
iodide, 486 

— nitrate, 487 

nitride, 485 

oxalate, 484 

oxide, 484 

oxychloride, 487 

perchlorate, 487 

peroxide, 485 

phosphate, 484 

pyrophosphate, 487 

suicide, 582 

sulphate, 487 

sulphide, 487 

tungstate, 717 

Magnetite, 775 
Malachite, 455, 466 
Malonic anhydride, 568 
Mangan^tes, 767 
Mangan^, 723, 760, 761 

amalgam, 761 

blende, 760 

compounds, 723, 761 773. See 

also Manganic and Manganous 

— oxides and hydroxides, 761 

— tetr^uoiide, 767 
Manganic compounds, 766 

halides, 766 
-i — oxide, 762 
Manganicyanides, 767 
Manganin, 458 
Manganite, 762 
Manganites, 767 
Manganocyanides, 766 
Manganous carbonate, 765 
" compounds, 764 
— - halides, 764 

nitrates, 765 

oxide and hydroxide, 761 

phosphate,, 765 

Saiphate, 

suShide, 765 

Marble. 488 , ^ * 

Mark’s test, 648, 630, 657 
Mass-Faction, law ol, 113, 147, x8o, 189, 

— *33. 4H 
Mass^umber, 3x5 
Mass-^^pectogra^, 69, 3x3 
Masurium, 759 
Matches, 620,. 636 
Maximum work, 227 
Mellittc acid, 565 

— aidiydiide, 568 


Melting-point, iio, 165, 215 
[.Membranes, semiF-permeable. 133 
Mercuric compounds, 512 
Mercurous compounds, 509 
Mercury, 507 

compounds, 477, 509, 512 

, halogen complexes. 199. 31 , 

678 

, history ol, 12, 507 j | 

ions, 262, 509, 51 1 11 

isotopes, 320 \\ 

oxides and hydroxide8,\ioS 7^7 

746.751 \\ ^ 

peroxide, 509 ‘ \ 

Mesomerism, 351 . \ 

Mesothorium, 310, 596 
Metastability, 167 ^ 

Meteorites, 774 
Methane, 562, 565, 568 
Methyl alcohol, as solvent, 158. 160 

, synthesis, 391, 571 

sulphate, 465 

Microcosmic salt, 451 
Mischmetal, 597, 668 
Mispickel, 638 
Mitscherlich*s test, 619 
Mixed crystals, 90, 133, 172. 177 
Mixtures, 60 

Mobile equilibrium, law oi, 114 
Mobility of ions, 146, 152, 153, 156 
Molar fmetion, 136 
Molecular compounds, 345 
depression, X39 
volume, X02 

weight, 71' 

, of liquids, loi 

Molecules, 51 
Molybdenite, 713 
Molybdenum, 70a, 712 

compounds, 702, 712 

Monazite sand, 543, 596 
Mond process. Sod, 810 
Monel metal,, 458, 801 
Monk-Irwin process, 389 
Mortar, 492 
Mosaic gold, 606 
Moi^em^emistiy, xx 
Multiple propqtuons, law of, 49. 62 


Nascent hydrogen. 423 
Nelson cell, 437 
Keod3rmium, 456 
Neon; 429 
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Ueon isotopes, 319 
fiephelometer, 78, 427 
I(emst*s distribution law, 179, 200, 
211, 733 

heat theorem, 242 

Kessler’s solution, 515 
Neutralization, heat of. 193 
Neutron, 322 
Nichrome, 800 
Nickel, 771, 798 

- ammonium sulphate, 806 

- carbonate, 804 

- carbonyl, 799, 808 

- compounds, 771, 802 

- dimethylglyoxime, 809 

- halides, 804 

- hexammino dibromide, 806 

- nitrate, 807 

— oxides and hydroxides, 802 

— sulphate, 806 

— sulphide, 806 
Nickdocyanides, 807 
Niobium, -613, 667 

— compounds, 613, 667 
Nitramide, 395 
Nitrates, 337, 422 
Nitration, theory of, 125 
Nitric oxide, 354, 409, 412, 793 
Nitrides, 402 

Nitrites, 337, 418 
Nitrobenzene, as solvent, 159 
Nitrogen, 383, 613 
, atomic weight, 425 

— chloride, 423, 733, 737 
cycle, 383 

— , disintegration of, 322 
— , fixation of, 389, 409 

— fluoride, 423 

— iodide, 424 

— oxides, 354, 409 

— oxy acids, 417 

— sulphides, 425 
Nitrohydroxylaminic acid, 412 
Nitrolim, 567 

Nitromethdiie, as solvent, 158 
Nitron, 423 

Nitroso-compounds, 419 
Nitrosyl bisulphate, 416, 686 
mdides, 416 
---ion.3j8- 
Nitrous oxide, 294* 4x1 
Nitroxyl halides, 416 
Nitiyi halides, 416 
Non-aqueottS smtttions, 157 
Nordhatnen sdplitiric acid, 688 


forwegian saltpetre, 41 1 
uclear chemistry, 323 
— spin, 336 
fucleus, atomic, 298 

, mass of, 327 

, stability of, 326 


)cclusion, 77 
Dctaves, law of, 43, 301 
Dleum, 684, 688 
Order of reaction, 115, 293 

in surface reactions, 293 

Organic acids, ionization, 343 
Orpiment, 637, 644 
Osmiridium, 809, 814 
Osmium, 771, 814 

- compounds, 771, 816 
Osmotic pressure, 133, 143 
Osmyl compounds, 817 
Ostwald's dilution law, 147 
Over-voltage, 266, 516 
Oxalic acid, 568 
Oxidation, 373 

Oxidation-reduction potentials, 259 
Oxides, 372 
Oxone, 437 
Oxygen, 360, 371, 670 
— , atomic weight, 65, 371 
— , isotopes, 321 

, theory of combustion in, 37 

Oxygen fluoride, 729 
Oxymuriatic acid, 730 
Ozone, 221, 339, 374 


Palladium, 771, 809 

compounds, 771, 81 1 

Parachor, 104 
Paracyanogen, 579 
Parker process, 563 
Parkes’s process, 469 
Partial pressures, law of, 99 
Partition law, 179 
Passivity, 423, 782 
Patronite, 662 
Pattinson’s process, 469 
Pearl-ash, 445 
Peat, 560 
Perborates, 526 
Percarbonates, 577 
Perchlorates, 723, 743 
Perchromates, 71a 
Perfect gases, 96 
P^odates, 756 
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Periodic table, 69*, 302, 343 

— , anomalies; 302 

Permaziganates, 723, 768 ' 

Permoiybdates, 715 
P^iolmtes, 6^ 

Peroxides, 373 
Perphosphates, 631 
Perrhenates, 770 
Perruthenates, 812 
Persulphates, 692 
Persulphides, 677 
Pertantalates, 669 
Pertitanates, 590 
Pertungstates. 718 
Peruranates, 722 
Pervanadate, 664 
Petalite, 433 
Petroleum, 558 
Pewter, 602 

pH, 194 

Phase rule, 163 
Phenyl azide, 406 
Phlogiston, 18 
Phosgene, 571, 578 
Phospham, 402 
Phosphates, 629 
Phosphides, 622 
Phosphine, 620 
Phosphites, 626 
Phosphonium compounds, 621 
]^ho^hor-bronze, 458, 620 
Phosphorescence, 270, 620 
Phosphoric acids, 628 
Phosphorite, 616 
Pho^horus, 613, 615 

, aUotropy, 617 

compounds, 613, 615 

halides, 631 

^ hydrides, 620 

nitrides, 637 

oxides, 623 



Phosf^iyl com]»uiid8, 636 
Photochenricai equivalent, law of, 272 
Bmtoelis^ie cells, 697 

PScric^^i 422^^ 

Pig iron, 776 
Pinlc salt, 606 
Pitchblamle, 3x2, 718 
Planck's constant, 272, 329 

Plaster of Paris, 499 " 

Flatkiite, 600 ^ - 


Platinum, 771, 819 
— ^ ammino<x>mplexe8, 821 
, conductivity of, 202 

— ^ constitution of. 349 

— , isomerism of, 350 

— compounds, 771, 821 
Plumbago, 560 

Plumbic compounds. See l>ad 
Plumbous compounds. Sip Lead 
Pneumatic chemistry, 24 It : 

Poisons, catalytic, 290, 29^ 294, 6^8 
Polarity (of links), 335 ^ 

Polarization, 248 \\ 

Polonium, 309 \\ 

Polymerization, 102 » 

Polythionates, 691 \ 

Porous plug experiment, 97 ^ 
Porpesite, 810 
Portland cement, 492 
Positive rays, 298 
Positron, 322 
j^tash. See Potassium 
R)tas8amide, 401 
Potassium, 434 

aluminium sulphate, 538 

antimonate, 652 

antimonite, 651 

antimonyl tartrate, 65 x 

arsenate, 642 

arsenite, 641 

bicarbonate, 440 

bromate, 449, 746 

bromide, 447 

bromoplatinate, 823 

cadmiate, 504 

carbonate, 443, 445 

chlorate, 448, 740 

chloride, 130, 446 

^ structure, 85 

chlorochromate, 7x1 

chloroiridate, 818 

chloromanganate, 767 

chloroj^ahadate, 814 

chloropaBadite, 814 

chloroplatinate, 454, 8 23 

— ^ chlororuthenate, 8x3 

^^Eloromtiiemte, 8x3 

chlorosmate, 8x8 

chromate, 703, 710 

, 80$ 

— cobalt^yanide, 807 
^ compcmnds, 432 

cyanide, 433 
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potassium, detection and estimation, 

453 

dichromate, 710 

ferricyanide, 797 

ferrocyanide, 796 

fluoantimonite, 653 

. — fluolwrate, 528 

fluoferrate, 790 

fluomanganate, 767 

— fluomanganite, 767 

— fluoride, 448 
— - fluosilicate, 448 

— fluotantalate, 667 

— fluotitanate, 591 

— hexahydroxyplatinate, 822 
. — hydride, 435 

hydrogen carbonate, 440 

fluoride, 448, 726, 727 

— hydrosulphide, 452 
— - hydroxide, 437 

hypoantimonate, 651 

iodate, 449, 755 

— iodide, 447 

— iodoplatinate, 823 
iridate, 815 

— iridium sulphate, 819 

— manganate, 768 

manganicyanide, 767 

manganocyanide, 766 

mercuri-iodide, 515 

nitrate, 449 

nitride, 450 

nitrite, 420 

osmocyanide, 8i6 

osmyl chloride^ 817 

oxides, 436 

oxyfluoniobate, ^67 

percarbonate, 577 

perchlorate, 81, 130, 449, 743 

periodates, 756, 757 

permanganate, 763, 768 

perruthenate, 812 

— pervanadate, 665 

— phosphates, 450 

— platwiate, 822 

— plttmbat<!, 610 

* — rhodinitrite, 8ii 
- — ruthenate, 8^, 812 

— ruthe^yanidc, 816 

— s^enate, 699 < 

■ — sulpl^, 451 

— su1^;452 

— sulpbltfe, 451 

- — tantakte, 669 
" — “ thiocyanate. 453 


'otassium titanate, 590 
^ — tungstate, 717 
^ — uranate, 720 
— ^Tiranium vanadate, 718 
zincate, 504 

Potential, electrode, 250 
— , liquid junction, 256 
— , oxidation-reduction, 259 
’otentiometer, 247 
Praseodymium, 542 
Precipitation, 194 
Printer's ink, 561, 565 
Producer gas, 389, 569 
Promethium, 542 
Promoters, 217 
Protection (of colloids), 286 
Protoadtinium, 310 
Proton, 31 1 

Prussian blue, 796, 797 
Prussic acid, 579 

Pseudo-unimolecular reactions, 118 

Purity, criteria of, 175 

Purple of Cassius, 474, 605 

Pyrargyrite, 468 

Pyrex glass, 585 

I^olusite, 760 

Pyrophoric alloys, 597 


Quantum numbers, 329, 347 

— theory, 272, 329 
Quartz, 581, 583 

— structure, 90 
Quinone, 681 


Radioactive indicators, 320 

series, 308 

Radioactivity, 304 
Radiothorium, 310 
Radium, 305 

compounds, 477 

Radon, 307, 430 
Rare earths, 519, 542 » 59 ^ 
Reaction chains, 217, 273, 293 
Reaction, heat of, 220, 257 

, order of, 115, 293 

, velocity of, m., 237 

Reactions, himolecular, 120 

, consecutive, 121 

, endothermic, 221 

— — , exothermic, 221 

, explosive, 239 

— , in electric discharge, 270 
nuclear, 325 
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Reactions, j^do-unimolecular, ii8 

, reversible, no 

, unimolecular, 117, 126, 308 

Realgar, 637. 645 
Recadescence, 780 

Reciprocal propor^ons, law of, 50, 62 
Recmtallization, 133 
Red lead, 609 
Reduction, 373 

Refining, ^ectrolytic, 266, 457 
ReMgerators, 97 

Resonance (quantum mechanical), 353 
Reverberatory furnace, 777 . 
Reversible processes, 228 

reactions, no 

Rhenium, 723, 759, 770 

compounds, 770 

Rhodium, 771, 809 

compounds, 771, 809 

Rock crystal, 581 
Rubidium, 433 

bromate, 449 

bromide, 667 

carbonate, 443 

— chlorate, 448 

chloride, 447 

chloroplatinate, 823 

compounds, 432 

detection and estimation, 453 

• fluoride, 448 
-c — hydride, 435 

hydrosulphide, 452 

hydroxide, 437 

iodide, 447 

nitrate, 449 

nitride, 450 

oxides, 436 

perchlorate, 449, 743 

perhalides, 446 

phosphate^ 450 

silicomolybdate, 433 

^ sulphide, 452 

tetxachlormodite, 759 

thiocyanate, 433 

Raby, 533 
Rust, 7$i 

Rnthenlum, 771, 809 
compcmnds, 771, 809 
Enthertod-Bohr atm, 3^ 



Sand, 58 1 
Sandarach, 637 
Sapphire, 533 
Scandium, 519, 540 

coiqpounds, 519, 540 

Scheele’s ifreen, 641 
Scheelite, 715 
Seeding (of solutions), 129 
Selenium, 670, 695 

— compounds, 670, 696 
Semi-water gas, 570 
S^ek process, 535 ' 

Silane, 583 
Silica, 583 

Silicates, 90, 584, 728 
Silicoaldehydes, 583 
Silicochloroform, 587 
Silicoethane, 583 
SUicoethers, 583 
Silicomethane, 583 
Silicon, 581 

carbide, 566 

chlorides, 587 

compounds, 556, 581 

dioxide, 583 

halides. 586 

hydrides, 582 

monoxide, 585 

phosphate, 587 

Silicopropane, 583 
Silundum, 566 
Silver, 427, 467 

acetate, 190 

acetylide, 565 

amalgam, 517 

amide, 395 

, ammino complex, 198, 

470 

arsenite, 641 

azide, 408 

carbonate, 471 

chlorate, 741 

chloride, 471 

chloroplatinate, 823 

chloroplatinite, 822 

— chromate, 711 

complex ions, 470 

compounds, 470 

, cyano complex, 199, 471 

— detection and estiination. 

ferricyauide, 797 ' 

fluorides, 472 ^ 

, fulminating, 471 

halides, 198, 274, 472, 725 

hyponitrite, 418 



851 


SUBJECT INDEX 


Silver nitrate, 472 

- oxides, 471 

- perchlorate, 185 

- pfipodate, 756 

^ phosphates, 630 

- phosphide, 62 x 

- sulphate, 472 

» sulphide, 472 

- sulphite, 472, 680 
— — tellurate, 701 

- thiocyanate, 472 

— thiosulphate complex, 452, 691 
Single electron links, 334, 339 
Smaltite, 799 
Soap-films, 107 
Soda. See Sodium 
Soda-lime, 492 
Soda-water, 573 
Sodamide, 401, 408 
Sodium, 434 
— - acetate, 204 

aluminate, 535 

— — amalgam, 516 

amide, 401, 408 

ammonium hydrogen phosphate, 

^ 5 ^ . . . 

antimonate, 652, 655 

antimonite, 651 

argentocyanide, 468 

arsenate, 642 

arsenide, 639 

arsenites, 641 

azide, 408 

bicarbonate, 441 ; 443 

bisulphate, 451 

bisulphite. 452, 690, 748 

bromate, 449 

- — bromide, 447 

carbo^te, 441 

chlorate, 448, 741 

— - chloride, 130, 445 ^ 

, purification 01, 190 

, structure of, 86 

■ — - chromate, 711 

cobalttpif^te, 807 • 

' — com|)Ottnd8, 432 
• cyanide, 453, 568 

— . detection and estimation, 453 
— dichromate, 711 

■ dithioi^, 690 , 

diuppafe 7*9 
- — ferrate, 785 

fermymw, 797 

ferrite, 440 

fenpcyaattide, 453, 796 


Sodium fluoaluminate, 529, 336 

— fluoberyllate, 480 

— fiuoferrate, 790 

— fluoride, 448 

— formate, 568, 572 

— hexachlororhodite, 814 

— hydride. 435 
hydrogen carbonate, 440, 443 

fluoride, 726 

phosphates, 450 

sulphates, 451 

sulphite, 451, 690, 748 

— hydronitrite, 420 

hydrosulphide, 452 

hydroxide, 437 

hypoantimonate, 651 

hypochlorite, 739 

hyponitrite, 418 

hypophosphate, 627 

iodate, 449, 748, 755 

iodide, 447 

metaphosphate, 631 

— nitrate, 449, 748 

— nitrite, 420, 450 

— oxides, 436 

— perborate, 526 

— percarbonate, 577 

— perchlorate, 449, 743 

— periodates, 756, 757 

— permanganate, 768 
peroxide, 436 

— phosphates, 450, 629 

— pyrophosphate, 630 

— pyrosulphate, 451 

— selenate, 699 

— silicate, 584 

sulphate, 451 

^ solubility. 130 

sulphide, 452 

sulphite, 451, 690 

oxidation, 216 

tantalate, 669 

tetraborate, 526 

tetrathionate, 692 

thiocyanate, 453 

thiosulphate, 452, 691 

tungstate, 715 

uranate, 720 

— — uranyl carbonatei 7^9 

vanadate, 664 

Solder, 602 

Solid solutions, 172, 177 , , 

Sols (colloidal), particle mass, 283 

, charge, 282, 284 

SolubiUty, laS. 178, 179, 189, 199, 26 
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SohlM% of 153, i8o 
— r- ^ small particles, 
Solufmty-product, iSg 
Solntiim, heat of, 2 ^ 

Solutions, 128 

saturated, 115, 128 

, solid, 172, 177 

Solvatioii,^ 154, 159* iSa, 286, 343. 

Solvay process, 441 
Soot, 561 

Specific conductivity, 145 . 

heat, law of, 66 

of gases, 68, 100, 224 

inductive capacity, 105 

Spinthariscope, 307 
Stained glass, 585 
Standard cells, 248 

dectrodes, 249 

Stannates, 603 

Stannic compounds, 603. See also Tin 
Stannites, 603 

Stannous compounds, 603. See also 
Tin 

Stassfurt deposits, 133, 433, 446 
Stationary state (photochemical), 272, 

329 

Steam distillation, 172, 376 
Steel, 778, 779 
Stephanite, 468 
Stereoisomerism, 351 
Stibine, 649 
Stibnite, 637, 648, 634 
Strontia, 488 
Strontianite, 489 
Strontium, 489 

amalgam, 490, ‘517 

— — carbonate, 493 

chromate, 500 

compounds/ 477, 488 

halides; 4^4 ; 

hydride, 4^ 

hydrosutohide, 498 

— hydxoxufe; 491 
— - nitrate, 499 
nitride* ^ 

oacalate, 489 

oxide, 491 

peroXii&,‘ 4^3 

phosphate, 500 . 

saccharate, 492 

s^bility, 242 


Sulphamide, 395 
Sulphates, 

Sulphides, 677 
Sulphites, 680 
Sulphur, 670, 671 i 

, allotropy, 245, 672 

compounds, 670, 671 

dioxide, 678 

^halides, 693 fjj 

heptoxide, 692 (jt 

, history, 12 

nitrides, 5j.25 

oxyhalides, 694 ^ 

phosphides, 636 

sesquioxide, ^o ^ \ 

trioxide, 240, 681 \ \ 

Sulphuric acid. See Acid, sulp^iurie 
Sulphuryl compounds, 694 
Superheating, 139, 167, 216 
Superoxides, 340, 437 
Supersaturation, 129 
Surface tension, 104 
Surfaces, reactions on, 291 
Symbiotic bacteria, 384 


Talc, 482 
Tanning, 287 
Tantalite, 667 
Tantaldm, 613, 667 

compounds, 613, 667 

Tar, 562 

Tarlax emetic, 651 
Technetium, 723, 759 
Tellurium, 670; 699 

compounds, 670, 699 

TenSimeter, 74 
Terbium, 542 

TermolecuUir reactions, lar 
Tetraborane, 523 
Tetramethyl base, 378 
Thallium, 519* 55 i 

compounds, 519* 55 ^ 
Thermal conductivity of gases, 99 
Thermit, 333 
Thermodynamics, 2x9 
ThermlSS, 224 
Thicaatimoxutes, 635, 660 
llhioarsenates, 645 . 
ThkMirsenites, 645, ^ 

; Thkibismuthites, 660 v ^ 

' Thiocyanates, ionization x6o 
j Thionyl compounds, 694 
1 Thiostannates, 606 
Thiosulphates, 691 
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[borium, 310. 542. 556* 595 
compounds, 556, 593 
emanation, 310 
radioactivity, 310 
horveitite, 540 
;horyl compotinds, 597 
rhulium, 542 
[hyroid gland, 749 
hyroxin, 749 
in, 556. 

allotropy, 167. 261. 601, 603 
■ amalgam, 517, 002 
. compounds, 556, 603 

halides, 2ot, 604 

. — hydride, 603 
- — ions, 260, 603 
. — nitrates, 607 
- — oxides and hydroxides, 603 
— sulphates, 606 
. — sulphides, 606 


Tincal, 520 
linear, 520 
Tinstone, 601 
Titanium, 556, 588 

compounds, 556, 589 

Titration, 206 

— , conductivity, 264, 727 

, electrometric, 263, 629, 689 

Transference number, 150, 202, 255 

Transition elements, 304, 614, 771 

Transmutation, lo 

Transport number, 150, 202, 255 

Triads, 301 

Trichlorosilane, 587 

Tridymite, 583 

Tri-iodide ion, 201, 203, 749 

Triple point, 166 

TrisUane, 583 

Trou ton’s rnle, 102 

Tungsten, 702, 715 

compounds, 702, 715 

TurnbulTs blue, 797 
Tyndall effect, 276 
Type-metal, 602, 648, 657 
Typical eleinpnts, 304 


Ulexite, 521 
IJltracentrifuge, 284 
Ultramicroscw^, *276 
Undercooli;^ 167 
l^nimolecuto layer, 106, 290, 292 
— -reactioiis, 117, 126, 308 
Uranium, 7O2, 718 
^ - compounds, 702, 718 


Uranium radioactivity, 305, 308 
Ui^, synthesis, 390 


Vacuum' calorimeter,. 224 
Valency, 75, 262 

, theory of, 331 

Vanadium, 613, 661 

— compounds, 613, 663 
van der Waals, equation’, 96 
van’t Hoff, isochore, 234, 237, 409 
Vaporization, latent heat of, 102 
Vapour density, 71 

pressure, 135 

Velocity of reaction, in, 237 
Verdins, 458 
Vermilion, 515 

Victor Meyer’s vapour-density method, 
73 

Viscosity of fused salts, 344 

— of gases, loi 

— of liquids, 105 

— of solutions, 154 
Vitriol. See Acid, sulphuric 
Volcano experiment, 705 
von Weimarn’s theory, 281 


Walden’s rule, 154 
Washing powders, 443, 527 
Water, 368, 373 

— , catalysis by, 215, 291 > 

— , composition, 75 
— , conductivity, 144, 191. 3^8, 602 

, constitution, 103, 368 

, hardness, 370, 540 

, ionization, 191, 241, 258 

, natural, 368 

, purification, 287, 378 

Water-gas, 389, 562, 570 
Waterglass, 585 
Weissgolderz, 699 
Weston cell, 248 
Westron, 578 
Westrosol, 578 
Whale oil, 802 
White lead, 610 
Will-o'-the-wisp, 621 
Willemite, 501 
Wismath, 656 
Witherite, 489 
Wolfram, 715 
Wolframite, 715 
Work, electrical. 253. *5^ 

, maximum, 227 
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Wrought irdn, 777 
Wulfenite, 713 

Xenon, 429 
X-my spectra, 300 

spectrometer, 87 

X-rays, diffraction, 83 
— , scattering, 300 


Ytterbium, 542 
Yttrium, 542 

Zeolites, 540 
Zinc, 501 

, ammino complex, 504 

ammonium phosphate, 506 

blende, 501, 548, 549 

carbonate, 504 


Zinc compounds, 477, 503 

, cyano complex, 501 

ethyl, 502 

hidides, 505 , 

hydroxide, 503 

— ’ — nitrate, 506 

oxide, 503 

— peroxide, 504 

phoi^hate, 506 

pyrophosphate, 5c- 

, separation from c^mium, 19I 

507 

spar, 501 

sulphate, 506 

sulphide, 506 

Zincates, 504 
Zircon, 593 
Zirconium, 556, 593 
compounds, 556, 593 



